Zinc fingers (ZFs) are among the most structurally diverse protein domains. They interact with nucleic acids, other proteins and lipids to facilitate a multitude of biological processes. Currently, there are more than 10 known classes of ZFs, with various architectures, metal binding modes, functions and reactivity. The versatility, selectivity and stability of these short amino acid sequences is achieved mainly by (i) residues participating in Zn(II) coordination (mostly Cys and His), (ii) hydrophobic core and ZF structure formation, and (iii) variable residues responsible for inter-and intramolecular interactions. Since their discovery, ZFs have been extensively studied in terms of their structure, stability and recognition targets by the application of various methodologies. Studies based on interactions with other metal ions and their complexes have contributed to the understanding of their chemical properties and the discovery of new types of ZF complexes, such as gold fingers or lead fingers. Moreover, due to the presence of nucleophilic thiolates, ZFs are targets for reactive oxygen and nitrogen species as well as alkylating agents. Interactions with many reactive molecules lead to disturb the native Zn(II) coordination site which further result in structural and functional damage of the ZFs. The post-translational modifications including phosphorylation, acetylation, methylation or nitrosylation frequently affect ZFs function via changes in the protein structure and dynamics. Even though the literature is replete with structural and stability data regarding classical (bba) ZFs, there is still a huge gap in the knowledge on physicochemical properties and reactivity of other ZF types. In this review, metal binding properties of ZFs and stability factors that modulate their functions are reviewed. These include interactions of ZFs with biogenic and toxic metal ions as well as damage occurring upon reaction with reactive oxygen and nitrogen species, the methodology used for ZFs characterization, and aspects related to coordination chemistry.
Introduction
Among all inorganic cofactors in biological systems, d-block metal ions are the most widespread facilitating diverse functions of proteins and their complexes. Bioinformatic studies performed on the human genome indicate that $10% of all encoded proteins participate in Zn(II) ion binding [1, 2] . This enormous contribution of zinc domains and motifs with various metal affinities encourages researchers to further investigate Zn(II) ions and their physiological role. It is commonly known that Zn(II) ions play a unique role not only in enzyme catalytic activity, but also in protein stabilization, and even facilitate folding of protein subunits [3] [4] [5] [6] [7] . The structural role of the Zn(II) was proposed when zinc finger (ZF) domain was found in Xenopus laevis transcription factor IIIA (TFIIIA) [8, 9] . Further studies showed that TFIIIA zinc fingers utilize two Cys and two His residues (CCHH) coordinating the Zn(II) ion to adopt a bba fold with three hydrophobic residues responsible for the formation of a small hydrophobic core which offers additional stabilization of the ZF domain [10] . Over the years, the small independent TFIIIA-like zinc finger motifs with CCHH coordination of Zn(II) have been found in many other proteins with functions related to gene expression control [9, [11] [12] [13] [14] . Even though the CCHH zinc finger motif has been found to be one of the most ubiquitous coordination sites of Zn(II), other additional classes of single and double ZFs with different coordination modes and Zn(II)-stabilized structures have also been discovered and characterized in terms of their structural stability and metal binding properties [15] [16] [17] [18] [19] [20] . The huge structural and sequential diversity means that the zinc finger family is the most versatile protein domain type, representatives of which selectively interact with nucleic acids, other proteins and lipids [21] [22] [23] [24] . The structure of the ZF domain is unique as upon Zn(II) binding coordination bonds with the metal ion are formed, providing a stable fold which in comparison to other shorter protein motifs is highly packed. In addition, in some ZF coordination spheres other amino acids such as aspartic or glutamic acids are found instead of Cys or His residues. Nevertheless, besides diversity within coordination residues all ZF domains upon Zn(II) binding are observed to adopt tetrahedral coordination whose stability depends on many factors including hydrogen bonds, hydrophobic and electrostatic interactions [25] [26] [27] [28] [29] .
Besides the structure and relative rearrangement of zinc fingers, which are critical for intermolecular interactions, there are physicochemical factors that are directly linked to the functionality of zinc sites in proteins, such as thermodynamic stability. ZFs with different but full coordination mode bind Zn(II) ions only in tetrahedral coordination geometry, providing stabilization to the protein domain, which differs when other metal ions are bound to the same cores [30] . The ZFs with various amino acid residues as metal ligands (CCHH, CCHC/CCCH and CCCC) have different enthalpic and entropic contributions to the free energy of complex formation, and cysteine deprotonation has a critical impact on these differentiations [31] [32] [33] . The most important sequential and structural factors that affect ZF stability, such as ligand composition, substitutions in the coordination sphere, hydrophobic core formation, structure-related cysteinyl thiol acidity and the hydrogen bond network, are critical in metal-coupled folding. Nevertheless, for the absolute value of stability constants of ZFs, the physicochemical method used for their determination is important. We focus on presenting all important techniques and assays used for the determination of stability constants of various metal ions' ZF complexes while indicating their advantages and disadvantages. This issue is especially important and controversial because, according to the literature data, ZFs with similar sequence and structure differ by up to 7 orders of magnitude in their dissociation constant values, and the methodology used for their determination seems to be one of the most critical issues for ZF characterization [34] . According to recent discoveries, Zn(II) affinity to natural ZF domains varies from low nanomolar to subfemtomolar values [35, 36] , while artificial or consensus ZFs may bind Zn(II) with even higher stability [37, 38] .
Entropically driven binding of Zn(II) to Cys residues in ZFs makes the stability of this core more susceptible to factors such as pH, temperature or ionic strength, enhancing their overall reactivity with other molecules or substitution with other metal ions. Displacement of Zn(II) by other metal ions usually leads to structural or functional defects of ZF including formation of mixed complexes, incomplete metal ion coordination or Cys oxidation [29, [39] [40] [41] . Similarly, reactivity of ZFs with oxygen and nitrogen reactive species or methylation agents influences ZF structure, causing reversible or irreversible cysteinyl sulfur modification, which in consequence decreases Zn(II)-to-peptide affinity and metal ion dissociation and thus loss of the ZF function [42] [43] [44] [45] [46] [47] [48] . In contrary, phosphorylation and acetylation do not affect ZFs' coordination sites, instead they have opportunity to control the transcription regulation mechanism [49] [50] [51] . These post-translational modifications take place on precise amino acid residues within conserved ZF linker regions.
In this review, ZFs' stability and division are discussed in the context of folding and coordination modes adopted after Zn(II) complexation. A brief discussion about biological consequence of ZF stability differentiation between natural ZFs and artificial or consensus ZFs is also provided. Moreover, an essential description of the methods and assays used for determination of ZF stability is presented, taking into account important aspects of many limitations and errors that occur during measurements. Furthermore, the interaction of ZFs with various metal ions and their complexes and reactivity of ZFs are also addressed. This, of course, is a very large subject area, and we have therefore selected examples that best illustrate the structural and sequential diversity of ZFs underlying coordination chemistry properties of the ZF ligands in connection with the factors that control their physicochemical properties and biological function. Nonetheless, this review is intended to give readers a comprehensive overview of the divergent ZFs' coordination sites and their influence on the overall chemical properties of metal sites found in many ZF proteins. At the same time, it is stressed that the coordination chemistry, biophysics, chemical damage and reactivity of the most structurally diverse family of protein domains are not fully understood and require deeper research.
Zinc finger architecture and function
Zinc finger domains are unique complexes from a chemical and biological point of view. Put simply they are Zn(II) complexes of Cys and His-containing peptides whose structure is highly organized upon metal complexation [52] [53] [54] . The product of the Zn (II)-induced peptide organization is highly packed when compared to other short protein domains. This unique property depends on several factors that help assembly of ZFs. The driving force of domain folding is related to the formation of coordination bonds between highly conserved metal binding amino acid residues, mostly Cys and His, and the Zn(II) ion. However, there are also examples of zinc finger structures with Asp and Glu residues being a part of the coordination sphere of the Zn(II) ion. Interestingly, upon Zn(II) binding all well-organized zinc fingers adopt tetrahedral geometry, providing additional spatial orientation for the main chain [55, 56] . Another factor common to all classes of zinc fingers is the presence of hydrophobic residues responsible for hydrophobic core formation with domain or inter-ZF interactions occurring in the case of multiple ZF domains. The presence of these residues is essential as they facilitate the metal-coupled folding process, increase the stability of the ZF and prevent formation of other than naturally designed metal-to-peptide stoichiometry [57, 58] . Finally, electrostatic interactions and formation of hydrogen bonds are the most critical factors for thermodynamic domain stability. They are formed by either side chain-side chain or main chain-side chain interactions [27, 28] . Although all of the abovementioned conserved residues are important for overall domain stability, other variable non-conserved residues are also important because they participate in molecular target recognition and tertiary complex formation. All these factors are common for all kinds of zinc fingers, which guarantee their stability and spatial orientation. However, the most critical factor that highly differentiates ZF structures is connected with the amino acid consensus pattern characteristic for a particular class of ZF. This chapter is devoted to structural classification of zinc finger domains. Firstly, a brief overview of the history of ZF discovery and their characterization is provided. Then particular classes of ZFs are presented, focusing on their unique architecture, metal binding mode and metal-to-peptide physicochemical studies.
Historical overview
Generally, most biological processes are involved in specific interactions between macromolecules. These interactions in the case of proteins occur via a specific structural fold of the macromolecule domains. While some of the large protein domains are able to fold autonomously, there are many others that are too small to fold efficiently by themselves. However, these small domains have been found to bind Zn(II) ions in order to form stable and diversely folded structures. Nonetheless, the biological role of Zn(II) in proteins was not established until 1940, when it was shown to participate in carbonic anhydrase (CA) catalytic activity [3] . A few years later, intensive research showed that Zn(II) ions play a unique role not only for CA but also other enzymes' catalytic activity [3, 4] . A real breakthrough occurred when the structural role of Zn(II) was proposed for the Xenopus laevis transcription factor IIIA (TFIIIA) [5] . The insightful analysis of the Xenopus laevis TFIIIA determined that this structure consists of repeating 30 amino acid residues folded around the Zn(II) ion to form a small, highly independent domain, called a ''finger" [8] . It was established that 25 residues from repeating units form a loop during Zn(II) binding to conserved Cys and His residues, while the other five form linkers between consecutive fingers [8] . Moreover, for each repeat the special conserved pattern with three conserved hydrophobic amino acids Tyr6 (Phe6), Phe17 and Leu23 Fig. 1 responsible for structural hydrophobic core formation during Zn(II) binding was drafted.
Subsequent studies on the TFIIIA repetitive binding motifs showed that the region between the second Cys and first His of the 30 amino acid repeat is involved in specific nucleic acid binding [59, 60] . This discovery indicated that conserved amino acids provide a framework of tertiary folding, whereas other variable amino acids determine the specificity of each domain.
Further extensive structural studies of the single zinc finger peptide from TFIIIA performed by circular dichroism spectroscopy showed the large increase in negative ellipticity near 220 nm and dramatic reduction in the negative ellipticity near 200 nm upon Zn(II) binding, suggesting a-helix formation [30] . The increase of peak intensity upon metal ion binding supported the notion that each zinc finger sequence is an independent structural domain which folds upon metal binding and binds with 1:1 stoichiometry [30] . Also 1 H NMR demonstrated metal-dependent folding of a single zinc finger peptide from yeast transcriptional factor ADR1 where considerable rearrangement of the proton from the aromatic region was observed in the presence of Zn(II) ions and was lost upon treatment with EDTA, which suggested their spatial rearrangement during complexation [6] . In order to obtain more precise insights into the binding site and coordination geometry, titration with spectroscopically active Co(II) ions was used as a spectroscopic probe of Zn(II) ions [6, 61] . The electronic spectra of Co(II) complexes with TFIIIA and ADR1 zinc finger peptides showed maximum absorption around 650 nm with a molar absorption coefficient (e) of 800 M À1 cm
À1
, which was found to be consistent with Co(II) coordinated to two Cys and two His of a structural zinc-binding domain in tetrahedral geometry [6, 61] . These data were completely consistent with the proposed tetrahedral geometry of Zn(II) bound to two cysteinyl sulfur and two histidine nitrogen donors using X-ray absorption fine structure (EXAFS), which showed that ZnAS and ZnAN bond lengths are 2.3 Å and 2.0 Å, respectively [62] . The determined values of bond lengths were in agreement with other values found for Cys-containing zinc metalloproteins [63, 64] . Binding pattern of three a-helical regions (green box) of ZF domains from Zif268 to DNA GC-rich sequence.
As this periodic nature of the TFIIIA zinc finger sequencing was revealed, the idea of a small Zn(II)-stabilized domain was strengthened by the discovery of zinc finger sequences in other related gene expression control proteins (Fig. 1a) [9, [11] [12] [13] [14] 65, 66] . Many of the zinc fingers proteins that have been isolated are involved in essential biological processes. Some of them are known to be transcription factors, for example ADR1 (expression of alcohol dehydrogenase) and Sp1 (expression of cellular or viral genes), while others, such as the steroid-thyroid hormone receptor family or the GAL4 family of zinc finger proteins, have small metalbinding domains involved in nucleic acid binding or gene expression.
Discovery of the bba ZF fold and its DNA recognition mode
Based on a general sequential and structural study on zinc fingers reported for TFIIIA and ADR1 together with discovery of several other proteins with zinc finger-like domains, Berg and coworkers proposed a three-dimensional model for the TFIIIA-like zinc finger structure. They proposed that the key structural elements are an antiparallel b-sheet near the N-terminus followed by an a-helix near the C-terminal tail held together by Zn(II), which also bring three conserved hydrophobic residues to form a small hydrophobic core (Fig. 1b) [10] . Additionally, Gibson et al. also proposed a 3D model with alignment of b-sheets offset by two residues, in contrast to Berg's model [67] . Nonetheless, Berg's 3D model was soon confirmed by NMR studies performed on the single zinc finger from Xfin protein from Xenopus laevis [68] and two zinc finger domains from yeast transcription factor SWI5 [69] . Examination of the 3D structure from the Xfin protein showed the stabilization pattern in the antiparallel b-sheets which form backbone amide-to-carbonyl hydrogen bonds between Tyr1 to Phe10 and Phe10 to Tyr1 [68] . On the other hand, in the helical regions, backbone NHÁ Á ÁO hydrogen bonds from residues 16 ? 12, 17 ? 13, 18 ? 14, and 19 ? 15 are common elements of the secondary ZF structure [68] . Domain structures have shown that three amino acid spacing between histidine residues is critical for Zn(II) coordination as it places both residues on the same face of the a-helix [68, 69] . Moreover, it has been shown that the a-helix is crucial for DNA contact via specific non-Zn(II)-coordinating amino acid residues. However, the b-sheets with two Cys residues separated from each other by a 2-4 amino acid linker are essential for overall zinc finger stability [10, 68] . It was established that mutations of the Cys residues within the b-sheet region have a critical impact on the overall ZF stability and folding structure [69] .
Even though many structural and sequential data on zinc finger structure have been determined, the precise interaction pattern of the zinc finger with DNA remained unclear until 1991, when the crystal structure of a complex of DNA oligonucleotides specifically bound to the three-finger DNA binding domain of the mouse transcription factor Zif268 was solved (Fig. 2a) [70] . In this complex the primary contacts are made by the three a-helices of the Zif268 triple zinc fingers (Fig. 2a ) which align in the major groove of the targeted duplex DNA forming hydrogen bonds and hydrophobic interaction with the GC-rich region of the DNA, thus enabling Zif268 to wrap around the DNA in one turn. Additionally, contacts between Lys residues from the Zif268 linker region with the phosphate backbone do not influence fitting of the Zif268 to DNA but provide additional stabilization for the Zif268-DNA complex (see Chapter 5) . Through further analysis of the Zif268-DNA complex it was found that the hydrogen bond interactions are formed between amino acid residues at positions 1, 2, 3 and 6 from the Zif268 a-helix to four bases from DNA strands. The residues at positions 1, 2 and 6 bind to three bases of the primary stand while the residue at position 3 binds to the fourth base from the complementary strand [70] . In this way Zif268 fingers ZF-1, ZF-2 and ZF-3 recognize the primary strand subsites 5 0 -GCGT-3 0 , 5 0 -TGGG-3 0 and 5 0 -GCGT-3 0 , respectively (Fig. 2b ). This pattern was called a canonical docking arrangement and has been conserved through other ZF proteins including TFIIIA [71, 72] , human transcription factor Sp1 and yeast transcription factor ADR1 [73] . However, exact prediction of the binding pattern of ZFs to DNA involving a simple prediction between an amino acid and recognized base pair is not possible. This was proved by mutational analysis data where significant irregularities occurred when Drosophila CF2 protein with ZFs resembling those from Zif268 was engineered to bind to the AT-rich DNA complex [74] . Common observations about occurrence of these irregular contacts in the complementary strand are the difference in angle of the a-helix to DNA, non-specific hydrophobic interaction as well as hydrogen bonds which are flexible and able to make long contact with another base pair or even make contact with more than one base [74] [75] [76] . All of this indicates that a simple code for side chain base recognition does not exist and it is impossible to predict side chain contact with 100% accuracy.
Structural diversity within zinc finger domains
In the mammalian genomes, encoded zinc finger (ZF) proteins are the most abundant and best known as transcriptional regulators. A distinct number and diversity within ZF-containing domains contribute to divergent cellular events including nucleic acid binding, transcriptional regulation and protein folding. Since the discovery of the first zinc finger domain of TFIIIA [8] , over the years more motifs have been found. One of the best characterized families of DNA-binding ZF proteins is Sp1 (Krüppel-like factor). Members of this family possess a transcriptional repressor or activation domain in their N-terminus followed by three conserved CCHH ZF motifs in the C-terminus [77] . Other groups of ZF domains that have been found in many proteins involved in protein-protein interactions (PPIs) or lipid binding differ from CCHH in terms of spacing and the nature of conserved Cys and His residues [77, 78] . Nevertheless, all of these motifs are usually connected with DNA-and/or protein-binding domains, allowing them to form complexes with DNA or participate in PPIs. However, proteins that are not involved in nucleic acid binding have also been found to possess zinc finger domains, including RING-H2-finger-containing proteins which facilitate ubiquitin group transfer to other proteins [79] . The current version of ZF classification is mostly based on their domain composition, which correlates with their coordination geometry and function (structural diversity). A comprehensive analysis showed that the most frequently occurring ZF motifs are bba, gag knuckle, treble clef (RING, LIM, FYVE, and PHD), zinc ribbon, Zn 2 Cys 6 , TAZ2 like, and zinc loops [77, 80, 81] . All of them will be briefly described in the following sections.
Family of bba zinc fingers
In the 90s, zinc fingers have been confined only to eukaryotes, although recent studies have demonstrated that prokaryotic CCHH domains also show interesting structural and functional features that differentiate them from its eukaryotic counterpart [82] . They fold into significantly larger zinc-binding globular bbbaa domain, which contains, apart from binding residues (combination of Cys and His), also highly conserved 15-residue hydrophobic core [83, 84] . The bba ZF family is the largest group of all the ZFcontaining proteins present in eukaryotes. More than 3% ($700) of all the genes in the human genome encode bba ZF proteins [23] . Therefore, they participate in many cellular processes including differentiation, mitosis and tumor suppression. Extensive research has shown that these abundant bba ZFs can be divided into two major groups: those with only a DNA-binding domain (e.g., KLF -Krüppel-like factors and Sp1-like transcription factors) and those with additional conserved domains that are unrelated to the ZF fold (KRAB, SCAN, BTB domains) [20, 85, 86] . All of the ZFcontaining proteins that belong to KLF and Sp1-like factors are characterized by the presence of a conserved DNA-binding domain with three C-terminal ZFs and a variable N-terminal regulatory domain [87, 88] . The N-terminal polypeptide impacts protein assembly or binds co-activators or co-repressors to enhance or repress important biological processes, respectively. On the other hand, proteins with the KRAB domain are involved in transcription, while SCAN-domain proteins mediate PPIs through dimerization of the protein units. In contrast to KRAB and SCAN domains, the BTB domain, also called the POZ domain, is much longer and is able to form dimers or oligomers during interaction with other proteins [86] . Although the BTB domain is the least common, its functionality is essential because it is related to malignization as it can switch off binding of bba ZFs to DNA [89] . Comparative studies in genome research showed that proteins with KRAB or SCAN domains have about 10-17 bba ZFs with a CCHH motif, while the BTB-domain family is followed by only two to three bba ZFs with a CCHH motif [86] .
The commonly occurring CCHH motif within the bba ZF family with the consensus pattern (Y/F)-X-C-X 2,4 -C-X 3 -X-L-X 2 -H-X 3,4 -H typically consists of a 28-30 amino acid sequence with conserved metal binding (Cys, His), hydrophobic core (Tyr, Phe, Leu) and variable (X) residues. However, other combinations of Cys and His as ligands are possible (Fig. 3a) . The growing number of CCHH ZF sequences motivated Berg's group to search the database, which consisted of the 131 sequences available at that time, in order to define the consensus ZF sequence. The consensus peptide-1 (CP-1) sequence was determined by aligning all of the CCHH ZF sequences and selecting the most repetitive amino acids that occurred in all sequences at each position (Fig. 4) . Furthermore, CP-1 was synthesized and found to bind Zn(II) and Co(II) ions significantly tighter than any natural ZF [90] . In 2015, repeat studies were performed on the available 13,456 sequences and a new sequence logo for CP-1 was determined (Fig. 4) . In comparison to the original CP-1 sequence (1991), the new CP-1 (2015) sequence showed a remarkably high degree of sequence conservation [91] . Since the determination of CP-1, its sequence has been widely used for a variety of studies in order to understand metal coordination and thermodynamics of CCHH ZFs [91] [92] [93] .
Although ZF-containing proteins require multiple ZF domains to bind to DNA, they are also capable of forming PPIs through a single domain. One example of such a protein is FOG-1 with four CCHH motifs and five other variants in which the final His is replaced by Cys (CCHC) [77, 94] . This CCHC ZF upon Zn(II) binding comprises a short b-hairpin followed by an a-helix, thus resembling classical bba fold with tetrahedral Zn(II) ion coordination. This CCHC ZF type participates in the interaction between FOG and the Nterminal zinc finger of erythroid transcription factor GATA-1 protein (transcription factor-1 that binds GATA elements) [95, 96] . Even though the CCHC ZFs folding resemble classical bba fold, point mutation studies in FOG-1 that converts CCHC finger to CCHH-type finger does eliminate its GATA-1 binding ability [96] . These CCHC ZFs found in the FOG-1 sequence are the first example of the naturally occurring substitution of a ligand leading to new functionally distinct CCHC ZF subclass.
Gag knuckle zinc fingers
The structures of the gag knuckle ZF group resemble those of the CCHH motif, but they are very short (20 amino acids), consisting of two truncated b-strands connected via a zinc knuckle followed by a short helix or loop (Fig. 3b) . In this group, the CCHC motif is found to bind the Zn(II) ion where two of the coordinating Cys residues are located on the zinc knuckle, while the other two are found on the loop or at the ends of a short helix [80] . Sequence scanning revealed that the zinc knuckle motif has been found in many proteins including retroviral nucleocapsid (NC) protein from HIV, other related viruses and RNA polymerase II. In the case of HIV-1 NCp7 the CCHC motif folds into a one-turn a-helix, while in the RNA polymerase II the a-helix is substituted by a loop [97] .
The metal binding properties of the retroviral CCHC motif from Rauscher murine leukemia virus (RMLV) was determined spectroscopically with Zn(II) and Co(II) ions, suggesting that this motif binds metal ions with high affinity [7] . The d-d transition bands for the RMLV and virus nucleocapsid p8 showed two absorption maxima at 649 nm and 700 nm, both with a molar absorption coefficient above 300 M À1 cm
À1
, indicating tetrahedral coordination of Co(II) (see Chapter 4.1) [7, 98] . In addition, the CD spectrum of the RMLV demonstrated a random coil fold in the absence of Zn(II), [90] , and 2015 [91] . Green color denotes residues that are responsible for the hydrophobic core formation in most CCHH zinc fingers. Yellow and blue indicate the coordinating Cys and His residues, respectively. Differences in the sequence composition between both CP-1 ZFs are showed in red. although upon Zn(II) addition a large decrease in the negative ellipticity at $210 nm was observed, which suggested Zn(II)-dependent folding and formation of a secondary structure element [7] . The fact that tightly bound Zn(II) is present in the viral CCHC ZF arrays led researchers to conduct further stability and structural studies of the other mature virions. Examination of the HIV-1 NCp7 protein using EXAFS spectroscopy provided strong evidence that the Zn(II) ion is indeed bound in Zn(Cys) 3 His core [97] . Mutagenesis of the Tyr and Trp residues to Gly in the single CCHC array of Moloney murine leukemia virus (MoMuLV) affected folding of the protein, thus influencing RNA packaging [99, 100] . Based on these mutational studies, it has been proposed that hydrophobic residues are essential for proper package of the virus genomic RNA. Furthermore, the solution structure of the HIV-1 NCp7 indicates that hydrophobic residues including N-terminal Phe, Ile, and Ala and C-terminal Trp, Gln, and Met are pointed into the solvent, forming a hydrophobic surface that may be involved in interaction with nucleic acid [97] .
Zinc ribbons
The zinc ribbon fold is a very common ZF structural site in proteins and is composed of two b-hairpins (N-and C-terminal) forming similar Zn(II) binding subsites (zinc knuckles) [80, 101] . Additionally, another b-strand is found in the zinc ribbon fold which is able to form hydrogen bonds with the secondary C-terminal b-hairpin. Therefore, it can be deduced that the zinc ribbon binding motif consists of three-stranded antiparallel b-sheets and two zinc loops called ''knuckles" (CXXXXC, CXXC) (Fig. 3c ) [101] . This motif has been found in many proteins such as transcription factors TFIIS, TFIIB, and topoisomerase I as well as in the regulatory b subunits of the protein kinase CK2b [101] [102] [103] . Interestingly, the b-sheet surface of the zinc ribbon motif of CK2b, unlike TFIIS, possesses hydrophobic residues that allow hydrophobic interaction with other monomers adopting a zinc ribbon fold [104] . Moreover, many other proteins have been characterized as adopting a zinc ribbon fold which is usually based on Zn(II) ligand or zinc knuckle motif similarity rather than sequence similarity [80] .
Other zinc finger-like motifs
Apart from the above-mentioned ZF structures, there are many others that have not been described in much detail so far. However, there is a growing amount of structural data for those proteins from which prediction regarding the relationship of Zn(II) binding to structure and coordination can be obtained. Upon Zn(II) binding many of these proteins form unspecified structural elements including loops, turns or small helical components. These structures are thought to be stabilized by the Zn(II) ion and may exist as small independent domains. One of their common features is that they do not form regular secondary structural elements such as a-helixes or b-sheets. However, their biological role has not been identified and little is known about their relationship between Zn(II) coordination and metal-mediated folding. Many of these ZFs are transcription factors, while others mediate translational regulation and protein recognition.
CCCH type
Over 20 years ago, novel at that time, a motif containing a CCCH coordinating site was identified in the murine protein Nup475 found in higher eukaryotes referred to nowadays as tristetraprolin (TTP). TTP contains two CCCH ZFs in which Zn(II) is coordinated to conserved Cys and His residues (Fig. 3d) [24, 105, 106] . On the basis of sequence similarity to the consensus amino acid sequence YKTEL-C-X 7-10 -C-X 4-5 -C-X 3 -H of TTP a number of related proteins have been found in yeast, nematodes, D. melanogaster and mammals. Initially, TTP was thought to be a transcription factor, but it was later observed to mediate regulation of mRNAs involved in inflammation, arthritis and cancer [107] [108] [109] .
Initial structural studies of the Nup475 protein were performed on its single ZF domain (Nup475SD), double ZF domain (Nup475DD) and a mutant of the double ZF domain (Nup475MDD), where a hydrophobic Tyr residue from the conserved YKTEL region was replaced by a positively charged Lys residue [110] . The results obtained from the direct spectroscopic Co(II) titration clearly demonstrated that all of the variants bind the metal ion with stoichiometry of 1:1 for Nup574SD, 2:1 for Nu475DD, and surprisingly 1:1 for Nup475MDD, indicating that Tyr to Lys mutation influences the amount of bound metal ion. Investigation of the Co(II) coordination environment showed similar d-d transition bands for all variant peptides which consist of three maxima at around 630, 650 and 700 nm with e greater than 800 M À1 cm
À1
, which is consistent with Zn(Cys) 3 His tetrahedral coordination core reported previously for the CP-1 CCHC ZF [92, 110] . Moreover, the estimated dissociation constants of Zn(II) and Co(II) complexes for all the Nup475 variants were similar to those found for other Zn(II) binding proteins including TFIIIA and RMLV (Table 1) , indicating that the Nup475 CCCH ZF domain binds the Zn(II) ion with high affinity [110] [111] [112] . NMR structural studies performed on the first zinc binding domain of Nup475 revealed a novel fold around a central Zn(II) ion [113] . The core structure is found to be disk-like with a diameter of $25 Å and a width of $12 Å. The overall fold of the domain consists of only one regular secondary structure which is a small a-helical element (Fig. 3d) . The Zn(II)
is coordinated to three Cys and one His residues and is solvent exposed from one face but completely inaccessible from the opposite side. The thiolate sulfurs of the Nup475 zinc core form hydrogen bonds with peptide amides of Ser19, Tyr26 and Gly27 side chains while the coordinated histidine residue is thought to be hydrogen bonded to the carbonyl oxygen of the Ala33 residue side chain [113] . All of the primary and secondary interactions stabilize the Nup475 structure, but it is also stabilized by two additional hydrophobic cores. The first core at the C-terminal consists of three conserved Leu residues (Leu14, Leu36, Leu39), while another one with two Tyr (Tyr10, Tyr26) and one Phe (Phe32) residues surrounding the side chain of the Lys11 residue is nearly adjacent to the first one and closer to the N-terminal site [113] .
CCHHC type
The CCHHC type ZFs are a small family of ZF domains that are essential for the central nervous system with three family members: neural zinc finger factor-1 (NZF-1), myelin transcription factor 1 (MyT1), and suppressor of tumourigenicity 18 (ST18). All of these proteins contain a CCHHC coordination site with the C-X 4 -C-X 4 -H-X 7 -H-X 5 -C consensus pattern of the domain sequence (Fig. 3e) [24, 106] . The first two proteins are involved in neuronal development and regulation, while the biological role of the last member has not been exactly determined, although it has been shown to be associated with brain and breast tumor cell suppression [114, 115] . The regulatory role of these proteins is associated with DNA binding, but the major DNA target sequence AAGGTT has only been identified for the NZF-1 and MyT1 proteins. A novel model study of MyT1 indicated that each ZF domain fits into the major groove of double stranded DNA with several C-terminal Ser and Thr residues interacting with DNA [116, 117] . Indeed, this proposed DNA contact pattern presents an entirely new way of DNA recognition by a ZF protein where Zn(II) coordination leads to a structured domain that can fit perfectly to the major groove without involving a specific protein/DNA recognition event as in the case of Zif268 and other TFIIIA-like ZF proteins [70] [71] [72] .
Spectroscopic studies with Co(II) performed on the second ZF single domain from NZF-1 (ZF2), the third ZF single domain from NZF-1 (ZF3), and the second and third ZF double domain from NZF-1 (ZF2-3) showed three similar d-d transition bands at 593, 646 and 679 nm with a molar absorption coefficient greater than 800 M À1 cm À1 and intense charge transfer bands at around 310 nm, indicating Zn(Cys) 3 His tetrahedral coordination core similar to CP-1 CCHC ZF reported previously [118] [119] [120] . These data clearly indicate that one His residue is coordinated to Co(II), despite the fact that the CCHHC motif has two His residues. An additional study has been performed to directly define which His residue is bound to the metal center. In order to identify the ligand within the CCHHC Zn(II) binding domain from the third ZF domain of the NZF-1 (NZF-1-3) protein, a series of mutant variants with first, second or both His residues replaced by Ala (Fig. 5a ) was prepared.
Comparison of the measured Co(II) spectrum of two singly charged peptides (NZF-1-3A 16 , NZF-1-3A 24 ) revealed remarkable similarity to the wild-type peptide spectrum. However, detailed examination of the obtained spectra revealed that NZF-1-3A 24 resembles the wild-type spectrum more than NZF-1-3A 16 , suggesting that His16 serves as a coordinating ligand in the wild-type NZF-1-3 protein [119] . Based on these results and the hypothesis that upon replacement of His16 with Ala, the structure needs to switch somehow so that His24 is coordinated to the metal ion, two models of metal coordination by NZF-1 have been proposed (Fig. 5b and c) . Nonetheless, another structural study performed on a mutant series (with first, second or both His residues replaced by Glu) derived from the second ZF domain of the ZNF-1(ZF2) protein and MyT1 showed that the second His is coordinated to the metal center in the ZF2 of the wild-type ZNF-1, while the first one stabilizes the structure via p-p stacking interaction with the Tyr side chain [116, 120] . All of these structural studies indicate that different CCHHC ZFs utilize different His ligands to coordinate Zn(II) ions. Nonetheless, inaccuracy of the applied methods cannot be excluded. Prior to these CCHHC ZFs two NMR structures of the ZF2 of NZF-1 and the ZF5 of Myt1 showed similarity in their folding pattern. In this case both structures overlay well with each other and are composed of loops without having any well-defined secondary structural elements such as an a-helix or b-sheet [116, 120] . However, it has been demonstrated that the surface of the ZF5 from MyT1 consists of charged amino acid residues (Arg852, Lys845, Arg872) which serve as an electrostatic network providing essential stability for the overall protein fold [116] . 
Treble clef zinc fingers
Treble cleft motif constitute a large number of functionally diverse Zn(II)-binding structural proteins that mediate multiple cellular processes. This motif is mostly consist of a zinc knuckle followed by a b-hairpin with a CXXC sequence at the N-terminus and an a-helix at the C-terminus. It has been recognized in multidomain proteins which contain tandem or overlapping treble clef motifs including RING, LIM, FYVE and PHD zinc finger domains [80] .
RING domains
The first pattern of the newly discovered zinc finger was found in 1991 in the human gene RING1 (Really Interesting New Gene 1) located on chromosome 6 as a putative metal binding motif [15] . Early studies showed that the RING finger proteins are essential for many cell cycle events including growth, differentiation, transcription, signal transduction and oncogenesis. RING finger domains were found in proteins such as estrogen-responsive finger protein (Efp), breast cancer 1 (BRCA1) and murine double minute (Mdm2), which are involved in ubiquitin-dependent protein degradation (a sophisticated mechanism where ubiquitin tags protein that needs to be destroyed) [80, 94, 121] . Previous structural studies based on examination of the 27 RING sequences revealed that they possess eight conserved residues probably responsible for metal ion binding. Also hydrophobic residues were found in conserved positions. These residues are necessary for forming non-covalent interactions and orienting coordinating residues in a favorable position to bind metal ions [17] . The RING family was found to be similar to the two-metal binding motif of glucocorticoid and estrogen receptor proteins, and therefore it was deduced that this family binds two Zn(II) ions. The consensus motif of the RING finger is determined as a linear series of conserved coordinating residues (Cys and His) with an overall sequence pattern C-X 2 -C-X 9-21 -C-X 2-4 -C-X 2 -H-X 2 -C-X 7-74 -C-X 2 -C (Fig. 6a) containing two metal binding sites [21] . Spectroscopic studies performed on RING1 peptide with Co(II) ions confirmed divalent binding stoichiometry mode (M 2 L). The d-d transition bands in the UV-Vis spectrum revealed absorption maxima at 605, 655, and 690 nm, indicating tetrahedral coordination geometry and participation of the cysteinyl sulfurs in the coordination sphere of Co(II) [17, 122, 123] . A circular dichroism study revealed that RING1 peptide is pre-folded in the absence of Zn(II) ions, but it becomes more helical upon Zn(II) binding, indicating structural rearrangement of the peptide and secondary structure formation [17] . More detailed structural studies based on 1 H NMR performed on a herpes virus protein (with a RING domain structural motif) showed that it adopts a bbab fold during Zn(II) binding. The a-helix lies along a triple-stranded b-sheet, whereas coordinating residues sequester two Zn(II) ions at distinct tetrahedral sites (Fig. 6a) [124] . The rest of the conserved amino acids lie within the helix, b-sheet, and loops forming the hydrophobic core. The region with two b-sheets and an a-helix is similar to the bba fold of the CCHH domain, but RING appears to bind DNA or RNA in a non-specific manner. 
LIM domains
The LIM motif is highly conserved in nematodes and mammals and it was first identified in the three genes Lin-11 (controls cell division in C. elegans), Isl-1 (encodes an insulin gene enhancerbinding protein in rats) and Mec-3 (differentiation of certain neurons in C. elegans) [125] . Each of these genes encodes a protein that consists of two tandem copies of the LIM motif with a DNA-binding homeodomain (HD) and a transcriptional regulation domain. However, the LIM motif is also present in other proteins which lack the DNA-binding homeodomain called LIM-only proteins. Such proteins having one, two or three tandem LIM domains have been found in Cys-rich intestinal protein (CRIP), cysteine-rich protein (CRP) and zyxin, respectively [18] . Because the LIM-only proteins lack the DNA-binding homeodomain it was suggested that the LIM domain might be involved in protein-protein interactions. Indeed, biochemical studies on the cytoskeletal CRP showed that it is able to interact with zyxin to mediate communication between the cell membrane and the nucleus [126] . Over the years, many zinc finger-like structures have been found where the metal ion stabilizes their tertiary fold to which the LIM domain is related. The LIM-domain proteins represent another structural class of the double ZF with a consensus motif that has been described to be C-X 2 -C-X [17] [18] [19] (Fig. 6b) . Each LIM domain is composed of two contiguous zinc finger motifs, each finger consisting of $30 amino acids that form a loop around the Zn(II) ion, which are separated by a two amino acid linker [15, 127] . Although the global fold of the LIM domain is unique, the C-terminal CCCC module folds in a similar manner to the CCCC coordination motif found in the glucocorticoid receptor (GR) DNA-binding domain. It has been determined that the CCCC and CCHC motifs contain similar structural elements including an antiparallel b-sheet with gag knuckle followed by a short disordered segment and a second antiparallel b-sheet (Fig. 6b) . However, they differ in that the subsequent residues of the CCCC motif adopt a-helical conformation while the CCHC motif site forms a tight turn [128] .
Because of highly conserved Cys residues in the LIM consensus sequence, the motif has been widely studied in terms of metal binding properties. Firstly, expression of the LIM domain of the Lin-11 protein in the E. coli system resulted in isolation of the protein that contains both a Zn(II) and redox active iron (Fe(II)/Fe(III)) cluster [129] . The presence of iron-sulfur clusters was identified using atomic absorption spectroscopy where a characteristic absorption spectrum for an iron-sulfur cluster at 420 nm with a molar absorption coefficient of 16,400 M À1 cm À1 was observed [129] . In contrast, several other spectroscopic studies on other LIM-containing proteins such as zyxin, CRP, and CRIP demonstrate absence of iron in the proteins purified from their endogenous sources or isolated from a bacterial expression system. Spectroscopic studies performed on two tandem LIM motifs from chicken CRP (cCRP) showed binding of four Zn(II) ions, suggesting that each LIM motif is able to bind two Zn(II) ions to form two independent domains [130] . (Fig. 6c) . Studies of the FYVE sequence similarity revealed that in a few cases the fifth Cys residue is replaced by a His residue which participates in Zn(II) binding [21] . Another study has shown that proteins with FYVE domains share about 40% sequence similarity and acquire the conserved RRHHCRXCG sequence, where X is a variable amino acid, responsible for phosphatidylinositol 3-phosphate (PI3P) binding [135, 136] . Mutational studies revealed that substitution within the conserved motif abolishes PI3P binding, suggesting that conserved amino acid residues contribute to structural integrity of the FYVE zinc finger [136] . Interestingly, no relevant physicochemical or stability studies of Zn(II) or other metal ions with this zinc finger domain have been performed. In summary, the FYVE fingers are rare, but they are important fingers for interactions with endosomal lipids.
PHD domains
The PHD domain encoded commonly in all eukaryotic genomes, shares structural similarity to RING and FYVE zinc finger domains [19] . It was firstly discovered by Schindler and co-workers, who noted a conserved region with regularly spaced Cys/His residues between two plant proteins [137] . Based on the strong evolutionary conservation of this motif, it was proposed that this region is a novel protein domain called a PHD finger (plant homeodomain finger). The PHD domain consists of about 60 amino acid residues and two coordination sites, CCCC and CCHC, with characteristic Cys residue spacing and additional conserved amino acid residues, usually Trp, followed by the final Cys pairs. The three dimensional structure of the PHD domain from human Williams-Beuren syndrome transcription factor determined that the PHD finger upon Zn(II) binding folds into a small b-sheet between two Zn(II) binding sites followed by a short a-helical structure (Fig. 6d) [138] . This fold has also been found in the FYVE zinc fingers, but the coordination in the first site in the FYVE domain is found to be CCCH while for the PHD domain it is CCHC. Nevertheless, these two domains share some similarities; for example, two zinc binding sites with surrounding loops are located at the opposite ends of the bsheet. The PHD zinc finger has been found mostly in the nucleus where it controls transcription, but there is increasing evidence that it also interacts with RNA, nucleosome and a specific protein ligand binding it to chromatin [19, 139] . Similar to FYVE domains, PHD motifs have not been characterized to date in terms of their stability, reactivity or selectivity towards other metal ions.
B-box domains
B-box-type zinc fingers are found in over 1500 proteins from a variety of organisms [140] [141] [142] . These domains are around 40 amino acid residues in length and fold into a zinc knuckle followed by an a-helix and b-sheet (Fig. 6e) . The B-box fold is found to resemble treble clef folding, although in-depth structural studies performed on the B-box have not been reported so far. Sequence alignment of the B-box from A. thaliana showed that it can be divided into two groups: type 1 and 2B-box domains, which differ in their consensus sequence and in the spacing of the seventh and eighth Zn(II)-binding residues (Fig. 6e) . They are found in proteins that have an N-terminal RING finger followed by one or two B-box domains and a coiled-coil domain called TRIM (also called RBCC for Ring, B-box, Coiled-Coil). The TRIM proteins contain a type 2B-box domain, and may also contain a type 1B-box. However, in other proteins that do not contain an N-terminal RING finger or coiledcoil domains, the B-box domain is primarily type 2. These proteins are found within transcription factors, ribonucleoproteins and proto-oncoproteins which are mostly involved in ubiquitinylation (MID1, MID2, TRIM9, TNL, TRIM36) [143] . Again, the literature is almost lacking in reports on physicochemical characterization of B-box domains besides one report on a 42 amino acid peptide corresponding to the B-box domain from Xenopus nuclear factor XNF7, where the authors reported that the model peptide binds one Zn(II) or Co(II) ion in tetrahedral geometry formed with Cys residues [144] .
HIT domains
This family shares a common zinc finger HIT-domain (ZHD) which is characterized by a treble clef fold. The ZHD domain was first defined for the yeast protein Hit1 from which the ZF family name was derived [145] . The ZHD family members include mostly nuclear proteins encoded in the yeast and human genome which are involved in gene regulation, chromatin remodeling, and presnoRNP assembly, but their precise function has not been established yet [146, 147] . Structural NMR study of the ZF HIT domains from human FON protein as well as from yeast Bcd1p yielded the fold consisting of two antiparallel b-sheets and two short Cterminal a-helices placed against the second b-sheet which resemble those of other treble clef family members including B-box, PHD and RING (Fig. 6f) . It has been found that metal coordination centers involve two sites, CCCC and CCHC, each binding Zn(II), indicating that the ZF HIT domain is a double ZF. The first Zn(II) ion coordinated by the CCCC site is located between the N-terminal structured loop and the very beginning of the a-helix, while the second Zn(II) ion is coordinated by the CCHC site and is located between the loop connecting the two b-strands and the a-helix [146, 147] . Multiple sequence alignment of human and yeast ZF HIT proteins showed that besides eight conserved coordinating amino acid residues, several others are either highly conserved or less conserved within this domain. The most conserved are Tyr27 and Ser28, which is thought to support the turn between the second b-sheet and the central a-helix. Other well-conserved residues such as Phe16, Tyr27, Tyr36, Tyr 42, and Leu39 were found to form a hydrophobic patch on the rear surface [146] .
Zn 2 Cys 6 type zinc fingers
The Zn 2 Cys 6 type of zinc fingers is a structurally unique zinc protein binding site which in general is divided into two groups: transcriptional regulators (e.g., GAL4 protein) with two zinc fingers and copper responsive transcription factors with one zinc finger [80] . Structural studies in GAL4 protein showed that the DNAbinding domain in this protein consists of a motif in which six Cys residues are located on the two extended helical strands connected by a long loop (Fig. 6g) [148] . Initial structural studies performed using 113 Cd NMR on a 63 amino acid fragment of GAL4 from S. cerevisiae revealed that two Cd(II) binding sites are present in this domain which induce two signals with a 113 Cd chemical shift at 669 and 707 ppm corresponding to two Cd(II) ions bound by three or four sulfur ligands. High resolution studies at a wide concentration range showed that Zn(II) and Cd(II) complexes form monomers with two binding metal ions only, which strongly suggested the presence of a CdAS cluster. Formation of this cluster was confirmed by the coupling between 113 Cd(II) and proton resonances of the Cys residues, showing that metal ions are coordinated to six Cys residues where two of them form bridging ligands between two metal ions, suggesting formation of a stable binuclear cluster [16, 149] .
TAZ-like zinc fingers
The TAZ-like zinc finger is an example of a domain formed by the coordination of three Zn(II) ions and therefore can be called a triple ZF in contrast to the double ZFs described above. It has been found in transcriptional adaptor protein CBP and p300, which have two copies of the TAZ domain (TAZ1 and TAZ2). Three Zn(II) binding sites found in each TAZ domain consist of two a-helices joined by a connecting loop where one His and three Cys residues are arranged sequentially to form a HCCC coordination site [77, 94] . The arrangement of the two metal ions coordinating the residue -His1 and Cys2 -has been identified on the a-helix, while the third residue (Cys3) is located within the loop and the last residue (Cys4) is found at the beginning of the next a-helix. Nonetheless, structural studies performed on TAZ1 and TAZ2 domains from CBP protein using NMR showed that both domains fold into bundles of four helices that are stabilized by three Zn(II) ions, each coordinated to the HCCC motif located at the apices of an irregular triangle formed by the helical structure (Fig. 6h) [150, 151] . This arrangement is crucial as it allows a hydrophobic core to be formed in the middle of the domain, providing extra stabilization for the TAZ domains. However, although the TAZ1 and TAZ2 domains share similar homology, some major differences between them have been observed concerning orientation of the fourth a-helix (a 4 ) [150, 151] . In the case of TAZ1 a 4 (Fig. 7a ) and a 1 are situated on the same face as a 3 , whereas in TAZ2 a 4 and a 1 are found on the sites adjacent to a 3 (Fig. 7b ). This positioning of a 4 influences the shape of the TAZ domains and thus TAZ2 has a more globular structure in comparison to TAZ1, which forms a flatter triangle. The TAZ domains are essential for the CBP/P300 transcriptional regulator family members, which mediate protein-protein interactions and are involved in chromatin ubiquitination [19, 152] .
Stability of zinc finger complexes
Stability constants describing the thermodynamic basis, associated with interactions between metal ions and proteins, are among the most important elements of knowledge regarding these macromolecules. A metal ion's binding affinity to a protein is related to the selectivity of the protein for that particular metal ion. Metal ions that bind to a protein with low affinity are excluded from being considered as physiologically relevant. Obviously, affinity highly depends on the metal ion and its oxidation state [153] . Some of them bind with millimolar, others with femtomolar affinity, and in both cases the complexes are biologically relevant. Zinc proteins present in eukaryotic cells bind Zn(II) with high affinity, which is related to tightly controlled free Zn(II) and its cellular fluctuations [34] . Proteins with high Zn(II) affinity will demonstrate constant saturation with such metal ions. Those proteins whose affinity is comparable to proteins responsible for cellular Zn(II) buffering will bind Zn(II) transiently, and therefore their function will strongly depend on cellular zinc status. However, relationship between affinity of the zinc finger proteins and activation/deactivation upon a cellular function is the major question in zinc protein biology that still remain unsolved. This chapter describes the definition of stability constants, which is a matter of considerable misunderstanding, then focuses on physicochemical methods and approaches used for determination of stability constants. We summarize all of the most frequently used methods, pointing out the benefits and drawbacks of particular ones. Finally, sequential and structural factors affecting ZF stability are described.
Definition of zinc finger stability constants
Thermodynamic stability constants of metal ZF complexes presented in the literature are differently defined depending on the authors' needs, scientific background, lower or higher simplicity, or the type of journal where the articles are published. Because in most cases zinc finger proteins or peptides are investigated under a constant pH value, the stability constants of formed complexes are expressed as apparent (conditional) constants -values determined in particular conditions, such as pH, temperature or ionic strength. Depending on the reaction direction, either complex formation or its dissociation, they are presented as the apparent binding (formation) constant K b or the dissociation constant K d , respectively (Eqs. (1) and (2)), (2) and (3) is not possible (although both equations describe K d ) and results in errors in oversimplified calculations. If step-wise reactions (Eqs. (4) and (5)) are investigated or they differ thermodynamically between each other, two independent K d values (K d1 and K d2 ) are determined (Eqs. (6) and (7)). Both are expressed with the same unit (M).
Zn 2 L ¡ ZnðIIÞ þ ZnL ð4Þ
ZnL ¡ ZnðIIÞ þ L ð5Þ
In many approaches the cumulative dissociation constant (b 12 ) covering two reaction steps is provided. In such cases, in order to calculate the value of b 12 both K d1 and K d2 values are required (Eq. (8)). Numerically b 12 is equal to K d from Eq. (3) when K d1 = K d2 and it is provided in M 2 units.
Although most stability constants of metal complexes with ZF peptides are performed at a given constant pH and they are correct only for determined conditions, other valuable approaches in a wider pH range such as potentiometry (pH-metry) study (see below) are available and applied in certain cases. Stability constants resulting from potentiometric data processing are usually expressed as cumulative, pH-independent complex formation constants (b ijk ) defined by Eqs. (9) and (10).
Coefficients i, j and k denote the number of a particular reactant. The coefficient j can be negative if the number of protons dissociated from the ligand L exceeds the maximum number of protons dissociated in the absence of metal ion. It should be noted that [L] in the case of the pH-independent formation constant differs in definition from the analogous notation for pH-dependent equilibria (e.g. Eqs. (1)- (3)) and denotes here the most deprotonated species of the ligand. To calculate that value, protonation constants of the ligand which are also determined in potentiometric study and defined by b j (Eqs. (11) and (12)) are required: 
where j denotes the number of protons of formed species. The maximal value of coefficient j is the number of protons spontaneously dissociated in the absence of metal ion; therefore the number of protonation constants that characterize acid-base properties of e.g. a zinc finger maximally is j. The difference between logb j and logb j-1 values corresponds to the pK a1 value of the most acidic group of ZF peptide. The difference between logb j-1 and logb j-2 is pK a2 , and so on.
3.2. Overview of methods used for determination of ZF stability constants 3.2.1. Direct spectroscopic methods As mentioned in the previous chapter, determination of the dissociation constant (K d ) of zinc finger complex (ML) at a given pH requires knowledge regarding the concentrations of reactants that are in equilibrium under the conditions applied. The status of the metal ion that binds to ZF peptide can be analyzed by spectroscopic measurements when complex characteristic absorbance, CD signal, fluorescence intensity etc. are changing systematically during metal-to-ligand titration. The most applicable method across the literature is UV-Vis spectroscopic titration of zinc finger peptides with open d-shell transition metal ions, such as Co(II) and Ni(II) (see Chapter 4) [39, 122, 155, 156] . Both ions when bound to ZF give characteristic charge transfer (CT) or d-d bands in the observable UV-Vis spectra with relatively high molar absorbance coefficients which allow one to monitor complex formation when ZF peptides are used at least in micromolar concentration. Fig. 8a shows UV-Vis spectra of Ni(II) and Co(II) complexes with ZF133-11 ZF [35] . To calculate the dissociation constant of the ML complex from spectroscopic titration data it is important to combine Eq. (2) 
This quadratic equation can be simply applied for fitting experimental data obtained from other than UV-Vis titrations by changing absorbances to other measurable parameters such as fluorescence intensity or ellipticity, which change during structurization of the zinc finger domain. If the measured signal decreases during complexation Eq. (13) must be rearranged or the data converted to the increased concentration of the ML complex in order to apply the above equation. The direct approach for the determination of metal-to-ZF peptide affinity is simple and usually fast to perform. However, the major limitation of this approach is the strength of reactant affinity, which depends on the concentration and sensitivity of the spectroscopic method. If the metal ion binds to ZF with moderate or high affinity, usually with K d <10 À7 M, some overestimation of the value of K d can occur. In other words, the higher the affinity of ZF is, the larger the difference between the actual and experimental value can be obtained from direct methods. Fig. 8b shows that spectroscopic metal-to-peptide titration is a perfect method for the determination of the dissociation constant of Ni(II) rather than Co(II) complexes with ZF peptides. with constants obtained for CoZF complexes when direct metalto-peptide spectroscopic titration was used for their determination (Table 1) . Any overestimation of the value of K d obtained by the direct method automatically affects the determined dissociation constant of the ZnZF complex, whose value is based on retitration (reverse titration) of the CoZF complex with Zn(II) (Fig. 8a ). For instance, our previous data showed that direct titration of ZF peptides with Co(II) at lower peptide concentrations resulted in a lower K d value of the same system when compared to analogous titration with 10-fold higher reactant concentration. This observation led us to investigate further the issue of K d values overestimation in direct studies. For that purpose ZF peptides were titrated with Co(II) in the presence of Ni(II), the stability constant of which was determined without any doubt. Increased concentration of Ni(II) ions in the independent titrations acts as a competitor between Co(II) ions for the same ZF peptide. Spectrophotometric titration at 642 nm, typical for the CoZF complex, in the presence of Ni(II) ions is more oval compared to direct titration in the absence of Ni(II), thus decreasing the probability of K d overestimation in data processing. In order to calculate the K d value of the CoZF complex it is necessary to combine two equations defining K d of Co(II) and Ni(II) complexes (Eq. (2)) and then transform it to [CoZF] concentration as an ordinate value and finally combine it with absorbance changes according to the published protocol [35] . As a result, the obtained Eq. (14) , being the competitor, is known and fixed during data fitting. of the titrations performed in the presence of 0-2.5 mM Ni(II). Theoretically, obtained data should be equal but the experimental value decreases from 2.5 Â 10 À7 M to 3.6 10 À9 M, which corresponds to almost two orders of magnitude difference. More interestingly, K d values from data fitting do not change significantly above 0.5 mM Ni(II), demonstrating that the K d value obtained at 0 mM Ni(II) is highly overestimated due to the major limitation of experimental data fitting in the case of high metal-to-peptide affinity. In such a case, competition experiments with metal ions or competing ligands are required.
Spectroscopic reverse titrations of zinc fingers
The spectroscopically silent Zn(II) ion does not induce major changes in UV-Vis spectra upon complexation with zinc finger peptide or protein. During this process only formation of ligandmetal charge transfer (LMCT) bands in the UV range can be observed. Nonetheless, those bands are frequently obscured by the absorption of the protein in this range. Moreover, Zn(II) affinity for zinc finger proteins in many cases is high, and thus direct approaches (if applicable) allow one to investigate the ratio of metal-to-protein binding rather than quantitatively monitor complex formation to determine stability data. Therefore the Co(II) ion, which is known to be isostructural to Zn(II), has been frequently used as a spectroscopic probe for metalloprotein characterization (see Chapter 4) . Moreover, it binds with protein with the same geometry as Zn(II) and therefore induces protein folding similarly to Zn(II). Another reason why Co(II) was used for determination of ZnZF stability constants is the fact that it binds to ZF peptides with lower affinity when compared to the Zn(II) ion. This fact and the formation of characteristic low energy d-d bands were used for the determination of Zn(II) stability constants in twostep titration mode. In the first step ZF is titrated with Co(II) ions, which results in the increase of intensity of the characteristic d-d band ($640 nm in case of CCHH ZFs) and allows subsequent calculation of K d of CoZF with Eq. (13) [61, 157] . In the second step, the formed CoZF complex is re-titrated with Zn(II), resulting in a decrease of the characteristic absorbance until all the present CoZF complex turns to ZnZF species, which does not absorb in this spectral range (Fig. 8a) . Because of that two-step procedure, this kind of experiment is frequently called ZF reverse titration. To calculate K d of the ZnZF complex it is necessary to apply Eq. (14), with some modifications including the previously determined K d value of the CoZF complex. This method has been commonly used to calculate the K d value of Co(II) as well as Zn(II) complexes with a ZF protein like CP-1, TFIIIA or MTF1 (Table 1) . It has also been applied for determination of dissociation constants of CdZF complexes by CoZF titration with Cd(II) ions [92, 158] .
Although reverse titration of ZFs was the most commonly used method for determination of ZF stability constants and is frequently found across the literature, it has a major drawback related to the accuracy of spectroscopic data fitting of the systems with high metal-to-protein affinity, which causes overestimation of CoZF K d values (affinity underestimation). In consequence, the use of inaccurately determined constants as reference values causes overestimation of ZnZF K d values. Our results performed on natural ZFs showed that K d values obtained by the two-step reverse titration method differ from those obtained by alternative methods, such as competition with a complexones or potentiometry (see below), by about 2-4 orders of magnitude [35] . The same conclusion was reached by Latour and Sénèque, who found that determined K d values for CP-1 peptide, using reverse titration and competition with strong chelators, vary by $4.5 orders of magnitude (Table 1) [37, 90] . These differences in stability constants of natural and CP-1 ZFs indicate that the higher the affinity of ZF peptide towards Zn(II) and Co(II) are, the larger is the difference in the value determined by reverse titration and competition assay. Indeed, reverse titration of the CoZF complex with Zn(II) performed at various Co(II) ion concentrations results in various dissociation constants obtained from Eq. (14) (Fig. 9b) . In this case fitting of experimental data is also a source of K d value overestimation. In general, K d values decrease when Co(II) concentration increases, similarly to Co(II) titrations in various Ni(II) concentrations (see above). To overcome the methodological problems, an alternative three-step reverse titration method was developed [35] . To eliminate limitation in data fitting of highly stable zinc finger complexes, in the first step K d of NiZF is determined in direct measurement. The second step relies on NiZF complex reverse titration with Co(II) in the millimolar excess of Ni(II) ions. Finally, the last step, similar to the previous one, relies on CoZF reverse titration in the presence of millimolar Co(II). As a result, obtained K d values of ZnZF complexes are comparable to those obtained by competition or pH-metry [35] . However, minor visual differences between reverse titration in the third step presented in Fig. 9b indicate that this method is limited to those zinc fingers whose K d value is not lower than $10 À13 M. Nonetheless, affinities of more stable complexes must be determined by alternative methods described below.
Potentiometry and pH-metry
Another important method used for the determination of stability constants of zinc finger complexes is pH-metry combined with spectroscopy. Spectroscopic changes observed across a wide range of pH allow one to determine pH-independent formation constants of the complexes. The pH-metric data for various metal ion to ZF ratios are fitted using specialized software products such as SPEC-FIT, HypSPEC or ReactLab EQUILIBRIA [159] [160] [161] [162] . In order to determine pH-independent formation constants one needs to determine first dissociation constants (pK a s) of chemical groups that participate in metal ion binding, usually cysteinyl thiols and histidine imidazoles. They can be determined either by UV titrations or by NMR [33, 37, 163, 164] . It should be noted that this method is limited to the number of species present in the solution which differ spectroscopically or are present in the majority. Subtle differences with higher accuracy can be determined with an analogous potentiometric method, which requires an automatic titration system and a sensitive potentiometer calibrated for the titration of strong monoprotonated acids [165] . The titrations of peptide without and with metal ions at various molar ratios are fitted using commercial software products (e.g. HYPERQUAD, SUPERQUAD or BEST) to obtain protonation and stability constants (b jk and b ijk ) of a selected model of variously protonated species [160, 166, 167] .
Although potentiometry is a very common method for the characterization of acid-base properties and metal binding properties of low molecular weight molecules and short peptides, the literature does not provide many examples of its application for zinc finger peptides. One of the most important issues which limits the application of this method is the length of peptide or, in other words, the number of amino acid residues with acid-base properties present in the investigated molecule. For example, consensus zinc finger peptide CP-1 contains 12 acid-base-active residues not counting the terminal amine and carboxylic groups. Despite the limitations, the potentiometric method is worth applying because it provides a global analysis of metal speciation from low pH where ligands form protonated species to basic pH, where the most deprotonated complexes are present. Stability constants determined by potentiometric data analysis can be therefore converted to the apparent constant relevant for the pH value of interest. The literature provides some more or less complicated mathematic procedures for the recalculation of constants [168] . However, the easiest way for simple systems such as zinc finger complexes is to use speciation software products (e.g. HySS or MINEQL+), which allow one to calculate fractions or concentrations of particular species including free metal ions at any pH value [169, 170] . Fig. 10a demonstrates Zn(II) species distribution in the wide pH range which was used for the determination of stability constants of ZF133-11 complexes. This ZF peptide contains only seven residues with deprotonating groups whose pK a s (formally b j ) values were also determined potentiometrically [35] . ZF133-11 forms four differently protonated Zn(II) complexes with major MHL -species present in a wide pH range from pH 5 to 9. Its deprotonation turns the complex to ML species without affecting the coordination sphere of the complex. In very basic pH a complex with hydroxo ion bound to Zn(II) is probably formed. In order to calculate the apparent constant at a given pH the sum of all zinc finger complexes as 
As pointed above, the accurate calculation of apparent constant at given pH requires knowledge regarding formation constants and pK a values. If dissociation constants have been determined only at particular pH value and pK a s of binding ligands remain unknown, the exact calculations of K d for other pHs are impossible, however, estimation of those values are still possible. For instance if the dissociation constant value has been determined at pH 7.0 and one wants to convert this value to other pH, for example 7.4, then it is necessary to add value correction factor to -log K d , which strongly depends on Cys residues number in coordination sphere, since they are highly protonated at these pH values. In practice, correction factor is $0. 
Competition with chromophoric chelating probes
As discussed above, determination of zinc finger stability constants by direct monitoring of Zn(II) binding to ZF peptide or protein is either impossible or very difficult due to high metal-toprotein affinity. To overcome spectroscopic silence of Zn(II) ions and affinity difficulties, chromophoric (non-fluorescent) or fluorogenic chelating probes that change their spectroscopic properties upon Zn(II) binding can be applied. The literature is full of articles describing probes used for Zn(II) ion sensing, but most of them are not commercially available [174] [175] [176] [177] . Traditionally, the most popular Zn(II) probes used for metal detection and stability constant determination are PAR and Zincon (ZI) (Fig. 11a) . Both of them are inexpensive and readily available on the market. They bind Zn(II) with different stoichiometries, Zn(PAR) 2 and ZnZI, respectively. Their application relies on the quantification of colorful complexes based on known molar absorption coefficients which are different depending on pH. Coefficients at pH 7.4 are 71,500 and 24,200 M À1 cm À1 for 492 and 618 nm, respectively [178, 179] .
In typical experiments they can be co-titrated with a given ligand (L) by Zn(II) or the ligand of interest can be added in portions to the partially saturated zinc probe. Equilibration of the ligand with partially saturated probes occurs according to Eqs. (16) and (17), which allows exchange constants to be calculated (Eqs. (18) and (19)).
In order to calculate 
The stability of Zn(II) complexes with PAR and ZI is not very high, but it allows these widely available probes to be applied for the determination of Zn(II) affinities of various ligands including some zinc finger and zinc binding peptides, their mutants or truncated variants. Fig. 11b shows simulations of the competitive titration of partially saturated probes with ligands whose dissociation constants vary from micromolar to picomolar values. For example, PAR has been used for determination of the stability constant of MTF1-1 ZF and Cys/Glu mutant of ZF133-11 zinc fingers. The dissociation constant of the first one (4 Â 10 À12 M) differs by more than one order of magnitude when compared to that (3.2 Â 10 À11 M)
obtained by the reverse-titration method, indicating that this method lowers actual Zn(II)-to-ZF affinities [35, 157, 178] . The literature is lacking in other thermodynamic applications of the PAR probe to determine affinities of zinc binding sites in zinc fingers. The same situation applies to zinc fluorescent sensors. Some of them, e.g., FluoZin and ZnAF families (commercially available), have a huge increase of fluorescence intensity upon Zn(II) binding, which dramatically increases the dynamic range of measurements [180] . For example, FluoZin-3 has been used for the determination of picomolar affinity of metallothionein, MT2a [181] . This feature makes zinc probes good competitors for investigation of stability constants from the micro-to picomolar range.
Competition with complexones
Complexones (classical metal chelators) have a long history in chemistry and biochemistry. They have been developed to efficiently bind or analyze concentrations of metal ions, and eliminate them from water media if they are disturbed. The most common chelators differ in their stability and selectivity towards particular metal ions due to differences in chemical structures (Fig. 12) . They bind metal ions mostly by amine nitrogen and carboxylic oxygen donors in such a way that different numbers and sizes of chelate rings are formed, which reflects their affinity due to the variable chelate effect [182] . Although complexones are a well-known group of chemical chelators used in analytical chemistry, their use for determination of zinc finger stability constants is not widely popular. However, data collected in recent years show that their application has a tremendous advantage over other methods. In the previous chapters it was pointed out that direct or reverse titration methods frequently used for ZF stability determination have a major limitation when Zn(II)-to-peptide or protein affinity is picomolar or lower. The affinity of the commonly known EDTA metal chelator for Zn(II) at pH 7.4 is 2.3 Â 10 À14 M ( Table 2 ), suggesting that it may be used for the competition with highly stable sites in proteins [32, 36, 56, 163, 172, [183] [184] [185] [186] . Recent studies performed on CP-1 consensus peptides, cyclic treble clef ZFs and the zinc hook interprotein domain performed by CD measurements have shown that EDTA is not strong enough to fully compete with extremely stable zinc binding sites (Fig. 12) Table 2 ) [35, 183, 185, 189, 190] . However, it should be noted that not all chelators are ideal for each physicochemical method used for stability constants determination. For example, EDDS is chiral and its own slight ellipticity must be subtracted when used for CD measurements. Furthermore, BAPTA and TPEN are aromatic agents that absorb much more strongly in the UV range compared to other complexones, which may result in overlapping with LMCT bands present in this spectral range of ZFs [191] . The same agents are available on the market with some minor contaminants that demonstrate weak fluorescence in the UV range. TPEN was found (not published) to nonspecifically interact with some zinc domains and their fluorescent variants. However, the appropriate combination of physicochemical method and complexones allows one to cover a wide pZn range, where Zn(II) binding to ZF peptide or protein can occur. Fig. 13 compares pZn ranges which are offered by a particular complexone with isotherms of its Zn(II) binding. It is worth noting that in many applications to cover the entire Zn(II) binding isotherm sets of several chelators must be used to fully assess bound and free states of ZF. A larger range of pZn is required for those ZFs which bind more than two metal ions with various affinity. In practice, if the dissociation constant of a 1:1 ZF complex is determined, then the half-saturation point where 50% of free and bound ZF is present corresponds directly to the K d value (see Eq. (2)). If two Zn(II) ions per molecule are formed, the dissociation constant(s) should be determined according to cooperative or step-wise processes (e.g., Eqs. (3), (6) and (7)). Recently, it has been described that in case of interprotein zinc sites (zinc-mediated protein-protein interactions) with two or more protein molecules bound to Zn(II) ion, half-saturation point of protein is shifted depending on free Zn (II) concentration [192] . It should be emphasized that for proper determination of the ZF stability constant at a given pH, the apparent (pH-dependent) instead of pH-independent formation constant of particular chelators must be used. It can be found in the literature that formation constants that are not converted to apparent ones appropriate for applied conditions are used for stability constant determination or free Zn(II) calculation, which is a source of major errors [193] . In practice, application of metal chelators is based on a few strategies. In one, apo-ZF mixed with a particular complexone is titrated with Zn(II) to assess the suitable metal concentration. In another, Zn(II)-loaded ZFs are added to partially saturated complexones in order to equilibrate with them [36, 37] . If a high excess (usually mM) of complexone over ZF is applied, the free Zn(II) concentration can be calculated just based on total Zn(II) and chelator concentrations, and the dissociation constant. If the complexone is used at lower excess, comparable to ZF concentration, in order to calculate the free Zn(II) concentration after ZF equilibration the amount of transferred Zn(II) should be considered in calculations to affect pZn change, by analogy to pH buffers. A low concentration of chelators is especially important when LMCT bands are used for the quantification of metal-to-protein binding state from UV-Vis or CD spectroscopies. The absorbance of the competitor hinders the quality of spectra, changes the signal-to-noise ratio and finally affects quantitative analysis of metal association. Much less sensitive for a large amount of complexone is the application of fluorimetry in those cases where own or chemically-induced fluorescence changes upon Zn(II) binding. In this case, even millimolar concentrations of complexones can be successfully applied [163, 164, 172] .
Stability constants of ratiometric probes based on zinc fingers
Natural features of zinc finger domains such as fluorescent properties can be utilized for the monitoring of metal binding properties if the fluorescent intensity changes upon complexation. Presence of fluorescent amino acid residues can be used for the determination of thermal or chemical stability of the domain, monitoring of the folding process, metal ion substitution or ZF reactivity. Chemical labeling of fluorescent ZFs with the probe (e.g. dansyl moiety) that forms the FRET pair with naturally occurring or chemically added Trp residue has been used for the construction of the first generation of ratiometric probes for the detection of Zn(II) ions (Fig. 14a) [194, 195] . Presence of two bands in fluorescence spectra of ratiometric probes allows metal binding to be monitored dually, by the measurements of individual bands or their ratios when FRET occurs. The second approach is more frequently used due to its high convenience in cellular applications and concentration independence. However, recent studies showed that oversimplification in the determination of dissociation constants of ratiometric probes by the processing of intensity ratios only results in a K d value which is under-or overestimated depending on the ratios R 1/2 and R 2/1 , respectively, due to non-linearity of ratio changes and metal ion complexation [196] . The method that allows one to process ratio changes and determine accurate dissociation constant values relies on the collection of intensity data at two characteristic wavelengths (k 1 and k 2 ) at various free metal concentrations and determination of borderline point (endpoints) intensities for the unbound (I 1u , I 2u ) and saturated probe (I 1b , I 2b ). In order to obtain the value of the dissociation constant ratio data are fitted to Eqs. (18) or (19) with fixed borderline point intensities, where x denotes the free metal ion concentration. As a result, K d , and n (cooperativity factor) can be obtained [196] . Fig. 14b demonstrates Zn(II) binding to EVA-peptide, which is a zinc ribbon from TRAP protein (trp RNA-binding attenuation protein) with dansyl modified N-terminus and C-terminal Trp residue. Table 2 . Gray circles represent experimental points obtained from the competition with Sp1-3 zinc finger as an example [35] .
The peptide was incubated with variously saturated complexones, then intensity and ratios were measured and calculated. Normalized ratios were fitted to Eqs. (21) and (22) . Although isotherms of metal binding demonstrated by intensity ratios (Fig. 14c) are not overlapping each other (see above), dissociation constant values determined by this method are identical [196] . The same values are obtained when only intensity of individual bands are fitted, although this is not the aim of ratiometric probes.
Isothermal titration calorimetry
One of the most common methods in biochemistry used for the investigation of macromolecular interactions is isothermal titration calorimetry (ITC). It is a common approach used for analyzing stoichiometry of formed complexes, determining affinity of interacting molecules (as DG°) and thermodynamic parameters of complex formation reaction (DH°and TDS°). It has been shown that ITC can be used for the investigation of interaction of metal ions with proteins, including zinc finger domains [31] [32] [33] 93, 184, 197, 198] . All of these studies show that metal-to-peptide affinity strongly depends on pH used during the investigation, which is obviously a result of acid-base properties of coordinating residues. Although the advantages of this method allow us to understand the energetics of domain folding and compare it with other zinc binding sites, ITC in its easiest approach is the only direct method allowing monitoring of energetic effects which are associated with direct metalto-peptide titration. Accuracy of the fitted value depends on the same factors as direct spectroscopic titrations described above and indicates that the ITC method is limited to weak or medium affinities, usually above 10 À8 M. Therefore, dissociation constants of highly stable ZFs obtained from ITC data analysis are highly inaccurate when determined in neutral or slightly basic pHs. For example, the dissociation constant of classical ZFY and WT1-3 ZFs, which are well structured, were found to be 2.9 Â 10 À7 and 1.8 Â 10 À8 M, respectively, at pH 6.5 [197, 198] . These values are several orders of magnitude higher than the K d values of natural ZFs determined in competition or pH-metry even at pH 6.5 [34, 35, 189] . Subtraction of all enthalpies related to ligand deprotonation and buffer components' protonation does not increase significantly the range of affinities that can be determined by ITC. Dissociation constants of Sp1-3 CCHH, MyT1-2 CCHC and GR-2 CCCC ZFs determined in this way at pH 7.4 are 1.7 Â 10 À8 M,
, and 2.0 Â 10 À8 M, respectively [33] . In contrast, the K d value of Sp1-3 ZF determined in the same experimental conditions by the three-step titration method or by competition with complexones is 2.0 Â 10 À13 M, five orders of magnitude lower than that from ITC. Stability data obtained from ITC and the reverse titration method with Co(II) are frequently similar to each other, which supports the statement of overestimation of K d values from direct or even reverse titrations [33] .
To avoid the limitations of the direct method, ZF stability constants can be determined by competition with complexones using the same ITC methodology. In this case a solution of complexone can be added to ZF complex or apo-ZF peptide can be added to the Zn-complexone complex; however, the time for the equilibration differs depending on the reaction direction. Recently this approach was successfully used for the determination of K d values of seven Zn(II) and Pb(II) ions bound to metallothionein, MT3 [199] . This approach confirmed the previously determined K d value of partially metallated Zn(II) complexes with MT2a obtained by competition with FluoZin-3 [181] .
Choice of the best method
The overview of currently used methods for zinc finger stability determination clearly shows that this topic is not simple and full of controversy. Recent reports on classical ZFs' competition with complexones or pH-metry indicate that they bind Zn(II) very efficiently with affinity that is behind classical direct or reverse spectroscopic methods [35, 37, 189] . This discovery shed light on the accuracy of stability constants of many zinc fingers that had been characterized in the past. The above discussion shows that the dissociation constant can be overestimated (underestimated in case of Àlog K d or affinity) even by several orders of magnitude. Although the obtained data support this thesis, further re-examination is necessary to confirm it for certain ZF examples. Obviously not all ZFs and ZF-like motifs bind Zn(II) tightly enough; thus various methods can be applied. Depending on the investigated metal ion, zinc finger properties, and the structure formed upon metal ion binding, various approaches can be used to obtain a valuable stability value. It should be remembered that there are two major limitations in metal-to-peptide affinity determination. The first one is dynamic range changes of the measurable parameter. If it is too low, the applied method will give the wrong value. The second, even more important factor is the proper determination of free metal ions which are in equilibrium with the formed zinc finger complex. Therefore, higher affinity of metal-to-peptide will results in lower free Zn(II) concentration being in equilibrium with its complex. This enables the exact concentration of the free Zn(II) to be established, suggesting that underestimation of many K d ribbon ZF peptides with dansyl (DNS, gray) and tryptophan (Trp, blue) residues, spatially distributed in a manner to sense Zn(II) binding. c) Normalized effect of ratio response or sensor saturation in the function of -log [Zn(II)] free . R 1/2 (red) and R 2/1 (green) indicate normalized change in the I k1 /I k2 and I k2 /I k1 ratios, respectively. Black circles denote actual sensor saturation, which was determined by the method by Pomorski et al. [196] .
values of the ZFs is a result of inaccurate free Zn(II) determination. Available methods used nowadays show that application of pHmetry and complexones which bind Zn(II) with a huge range of affinity seems to be the most appropriate, but the best practice is to use the second method (if it is possible) to confirm the results from the first one [200] . Nevertheless, despite many advantages, each method possesses some drawbacks. For example, pH-metry is not sufficiently sensitive to distinguish all complexes present in a minority under used conditions because potentiometry requires high concentrations of reactants, is limited to a certain number of acid-base active groups in the investigated molecule, and finally application of complexones in certain cases can induce formation of ternary complexes [179, [201] [202] [203] . Therefore it is highly recommended to consider all positives and limits before experiments. Good practice, in the case of unknown Zn(II) binding sites, requires scanning of the affinity with simple and fast methods, such as competition with chromophoric probes or spectroscopic titration with Co(II) to estimate the range of affinity. If these methods indicate high stability of the complex, other methods based on three-step titration, pH-metry or competition with complexones are highly recommended.
Factors controlling zinc finger stability
The wide range of Zn(II) affinity towards zinc finger domains determined by various researchers over the years is connected with the high sequential and structural diversity of those protein domains, their natural localization and function. However, as it was pointed out in the previous chapter, it strongly depends on the physicochemical method and data analysis which by oversimplification may over-or underestimate the actual
The thermodynamic stability of ZF domains besides the methodology used for their determination depends on many energetic factors that are frequently related to the amino acid sequence and structure of the ZF domain.
Acid-base properties of Zn(II) ligands in zinc fingers
Stability constants of metal complexes with peptides and proteins strongly depend on acid-base properties of the groups that interact directly with metal ions. In zinc fingers the binding of Zn(II) usually occurs by its coordination to cysteinyl sulfur and imidazole nitrogen of histidine. Acid-base properties of side chains of those amino acids differ, which has important consequences for the coordination mechanism and stability of the formed complex. Usually, the binding of Zn(II) to proteins occurs by Cys thiol deprotonation. The thiol group in zinc binding peptides is rather basic and in most structural sites its pK a value varies from 8 to 9 [204] . On the other hand, protonated species of imidazole (imidazolium) has a pKa value $6-6.5 and as a result in physiological pH deprotonates to neutral imidazole which further binds to Zn(II) without additional deprotonation [205] . Therefore, it is clear that the affinity of Zn(II) for zinc finger motifs is highly dependent on the acidity of binding Cys residue and their spatial orientation. It has been shown on several examples that thiol ionization can be promoted by neighboring positively charged groups due to the induction effect, which in consequence results in decreasing the pK a value of the thiol group. Oppositely, the presence of negatively charged groups close to thiol causes an increase of its pK a value (Fig. 15a) [25, [206] [207] [208] . Although the induction effect is important, other factors also affect the acidity of cysteinyl thiols. Nature has chosen a unique CXXC motif for metal binding in proteins which is present in more than 50% of zinc fingers. It has been observed that pK a values of thiols in this motif are frequently differentiated although the relative difference depends on the individual metal binding motif. In many zinc fingers acid-base properties of Cys residues are significantly different from each other. The NMR studies on the CP-1 CCHH peptide show that more acidic and more basic cysteines are located from the N-and C-terminus of the CXXC motif, respectively (Table 3 ) [37] . It is worth noting that these Cys residues are involved in b-turn formation in the zinc finger complex. Even if they are present in a metal-free peptide, they show a tendency to form peptide chain turns, which is driven by the interaction of the SH group with carbonyl oxygen of peptide bond and in consequence promotes differentiation in acidity of thiols (Fig. 15b) [209, 210] . Clear separation of acidities of both thiols is rather typical for proteins with defined structures in this region (b-turns) such as thioredoxins and glutaredoxins participating in redox reactions [211] [212] [213] [214] . The CXXC sequence present in active sites of these enzymes forms a hydrogen bond network promoting high acidification of one thiol (N-terminal). Therefore significant separation of pK a values in apo-ZF peptides suggests the presence of a relatively stable b-turn-like conformation in metal-free species. Recent studies on acid-base properties of the zinc hook domain from Rad50 protein show that acidification of the Nterminal thiol of the CPVC sequence responsible for Zn(II) coordination is linked with electrostatic interactions in this region. This was further demonstrated by appropriate signals in CD spectra, however, lack of NOE signals in NMR experiments, suggested high structural dynamics [56] . Similar conclusions come from studies on other apo-forms of CCHH ZFs showing that acidification of thiol in the CXXC motif is an important factor that participates in the control of stability of the Zn(II) complex with the ZF motif [30, 37, 156, 215] .
Acid-base properties of Cys residues are different in the case of zinc finger motifs with a larger number of Cys residues. The pK a values of the third and fourth Cys in the CP-1 CCHC and CP-1 CCCC ZF peptides are rather basic and vary in the range from 8.7 to 9.5 (Table 3 ). This shows that those residues demonstrate spontaneous ionization and are not involved in major electrostatic interactions due to the presence of the a-helix, which is also partially formed in apo-peptides. Classical studies on acidity of cysteines positioned in the a-helix confirm data obtained for cysteines located in this secondary structure of ZFs [216] . Interestingly, peptides with larger numbers of residues between two binding Cys in the b-turn (e.g. WT1-4) or those without typical b-turns (e.g. NCp7) demonstrate less distinct separation of pK a thiols [171, 189] . It is worth noting that many of the zinc cores present in zinc fingers are built by two CXXC motifs, e.g. ribbons (see above). Based on the fact that this motif has higher affinity for Zn(II) due to lowered acidity of N-terminal Cys, we may expect that zinc cores built with two CXXC motifs could bind Zn(II) even more tightly compared to Zn(Cys) 4 cores with more separated Cys residues. Indeed, a zinc hook core built by two Rad50 molecules with a CXXC motif demonstrates extremely high, subfemtomolar affinity for Zn(II) ions, which is also promoted by other structural factors (see below) [56, 183, 185] . However, it should be noted that the affinity of a metal ion for peptidic motifs with a CXXC sequence is very individual and depends on both sequential and structural factors [32, 56, 189] .
Effect of increased number of Cys residues in coordination sphere on ZF complex stability and metal ion selectivity
Although zinc finger domains discovered by Klug and coworkers [23] during the course of further studies were initially classified as classical bba domains with two Cys and two His binding Zn(II) residues, research performed later indicated that ZF domains that do not belong to this class (nonclassical ZFs) possess more than two Cys residues in the coordination sphere [24, 106] . This indicates that zinc finger cores can be built very differently due to various structural requirements of ZF-containing proteins (see Chapter 2) . Different architectures of zinc finger cores require different sequential patterns and differently placed coordinating residues, which is frequently related to different zinc domain stability and reactivity. In the very early studies performed on CP-1 consensus ZFs with CCHH, CCHC and CCCC coordinating cores the authors demonstrated important trends that indicate the importance of ligand field stabilization energy and hard-soft acid-base (HSAB) effects in determining various metal ion specificity [90, 92] . They showed discrimination among Co(II), Zn(II) and Cd (II) ions in their affinity towards CP-1 ZFs. The dissociation constant of Co(II) and Zn(II) complexes is lower for the CCCC core while it almost does not differ in the case of CCHH and CCHC cores (Table 1) with only a slight indication that CCHC peptide binds both metal ions the most tightly (Fig. 16) . Interestingly, the same trends come from revised data on CP-1 complex stability published 20 years later where competition with complexones was applied instead of direct or reverse spectroscopic titrations [37] . Although both reports indicate similar trends, they differ in absolute numeric values of stability constants due to different accuracy of the two methods, as discussed above. Fig. 16 shows that Co(II) binds to ZFs several orders of magnitude weaker compared to Zn (II). In principle, the difference in stability between Co(II) and Zn (II) ions is related to the ligand field stabilization energy (LFSE), which for Co(II) in the tetrahedral CCHH core and that for Co(II) in an octahedral site accounts for most of DG°favoring Zn(II) coordination to ZFs [92] . Zn(II) as a d 10 ion has no LFSE in any site [217, 218] . This indicates that LFSE changes in the peptide site via changes in the energetic difference between e g and t 2g d-orbitals (Dt) should be reflected in the free energy of specificity for Zn(II) over Co(II). An increased number of Cys bound to the metal ion decreases Dt and, hence, in the LFSE for the CoZF complex, which results in higher specificity of the Zn(II) ion. Fig. 17 demonstrates the comparison of DG°of the reaction of Zn(II) substitution of the CoZF complex with the change in LFSE of a particular ZF motif with a variable number of Cys residues. The plot was prepared, similarly as Fig. 16 , based on old and revised stability constants for CP-1 ZF peptides [37, 92] . This indicates that LFSE changes can account for the increase in specificity for Zn(II) over Co(II) in tetrahedral geometry as the number of thiolates is increased. It should be noted that other factors that affect LFSE changes such as effective ionic radii and polarizability also affect ion binding specificity. In the case of Zn(II) and Co(II), both parameters are very The plot contains results based on two independent studies from ref [37, 92] . similar (0.60 Å for Zn(II) and 0.58 Å for Co(II)); thus those factors tend to be small. All of this shows that LFSE effects differentiate selectivity and stability of Zn(II) and Co(II). However, it should be noted that the discrimination changes from one to another zinc binding site, as can be observed by the comparison of K d or K b values for both complexes, which is frequently present and discussed as the relative ratio of both constants [92, 219] . High stability of Zn(II) complexes of ZFs with the CCHH binding pattern compared to CCCC ZFs can be explained differently than above. Cys residues participating in Zn(II) binding at neutral pH require ionization of the RSH group, which is associated with an additional energetic cost (DH°C ysH ) of the dissociation reaction that has an impact on the total formation heat of Zn(II) complexation (DH°) according to Eq. (23). This is in contrast to His residues, whose imidazole ring is already deprotonated at neutral pH, and its coordination to Zn(II) is not associated with the dissociation reaction, which does not influence overall enthalpy. This means that an increased number (n H ) of Cys residues is opposite to a favorable enthalpic cost of Zn(II) binding to ZF (DH°Z n-pep ) and negatively affects the free energy change of zinc finger complex formation (Eq. (24)).
On the other hand, as discussed above, CP-1 CCHH and CP-1 CCHC ZFs demonstrated lowered pK a value of one Cys residue in the CXXC motif. Increased acidity of the Cys residue causes that at neutral pH it is partially ionized (n H <2), which positively affects free energy changes and increases Zn(II)-to-peptide affinity. As shown in Table 3 , differentiation of pK a value decrease in the case of CP-1 CCCC ZF, where all Cys residues become basic, which significantly increases the number (n H $4) of protonated thiols in neutral pH [33, 37, 93, 173] . This concept has been recently supported by calorimetric studies performed on Sp1-3 ZF, MyT1-2 ZF and GR-2 ZF as an examples of zinc cores with an increased number of Cys residues [33] . The authors, by the use of ITC, demonstrated that all the peptides have the same affinity for Zn(II), which has equal enthalpy and entropy components for Sp1-3 ZF, but is more enthalpically disfavored and entropically favored with increasing Cys residues. The resulting enthalpy-entropy compensation originates from Zn(II)-to-sulfur coordination, as subtraction of the DH°C ysH results in a similar Zn(II) binding enthalpy for all three ZFs, and the binding entropy tracks with the number of displaced protons [33] . It should be noted that affinities were determined by a method which overestimates K d values of the strongest complexes and may somehow affect the entropy component. However, the result shows that the number of Cys residues in the coordination sphere significantly contributes to thermodynamics of Zn(II) binding and ZF complex stability. Data presented in Fig. 16 show that the Cd(II) ion demonstrates significantly different behavior compared to Co(II) and Zn(II) ions, as a function of increases of Cys residues in the coordination sphere of ZF, mostly due to the fact that LFSE can play no role in the relative affinities. When comparing CP-1 CCHH and CP-1 CCHC ZFs, the Cd(II) ion preferentially binds to the CCHC ZF. Similarly, in the case of CP-1 CCHC and CP-1 CCCC, the Cd(II) ion preferentially binds to the CCCC ligand, which clearly indicates preference of Cd(II) binding to more Cys-rich motifs. This observation is consistent with hard-soft acid-base characteristics of these metal ions and ligands [220] . The Cd(II) ion as a soft acid, significantly more than Zn(II), binds preferentially soft thiolate ligands over ligands such as imidazole with moderate character, indicating the preference for moderate Zn(II) or Co(II) ions. This conclusion is also supported by other zinc fingers with Zn(Cys) 4 cores such as XPA (DNA repair protein complementing XP-A cells) ZF, which binds Cd(II) three and five orders of magnitude tighter than Zn(II) and Co(II), respectively (Table 1) [219, 221] .
Presence of residues other than Cys or His and lack of ligands in the coordination sphere
The statement that Zn(II) ion in zinc finger domains is bound only by His and Cys residues is not fully true, although these amino acid sides serve as donors in the overwhelming majority of structural zinc sites in proteins [34, 80, [222] [223] [224] . It has been shown in several classes of zinc fingers that two additional amino acids, typical for catalytic sites, also play an important role in Zn(II) coordination. A good example here is the LIM domain, which is a highly conserved structural zinc site (see above), where either CCHC/H binding patterns dominate in its two zinc fingers. It has been shown that the last donor of the second ZF is replaced by Asp or Glu residues. Therefore, the LIM domain sequence pattern frequently provided with only Cys and His residues should be replaced by the following one with an acidic residue, which are commonly present in this domain. Fig. 18a presents coordination sphere of the second ZF of LIM domain from human PDLIM5, based on NMR structure (PDB: 2DAR), showing coordination of the Glu residue only by one oxygen atom. Besides the LIM domain acidic residues were also found in the first ZF of B-box domains and two ZFs of RING domains. Structures of Zn(II) coordination environments of B-box and RING domains with a coordinated Asp residue (2DID, 2LGV) are presented in Fig. 18b and c. It should be noted that no biophysical data on the characterization of these domains in terms of stability have been published. Therefore there is a lack of information how those residues affect Zn(II)-to-protein affinity.
Bioinformatic analysis of protein sequences allows one to identify many other zinc finger-like domains that possess Asp or Glu residues in conserved binding positions where they are placed instead of Cys of His residues. Their natural function as well as metal binding properties remain unknown to date. However, there is one example of an artificially constructed CCHH ZF in which Cys7 has been mutated to Asp and Glu residues (CDHH and CEHH) and characterized in terms of DNA and metal binding ability (Fig. 18d) [225, 226] . It has been shown that this amino acid substitution affects ZF conformation, which is reflected in less effective [225] . This demonstrates that the substitution of the Cys7 residue with Asp or Glu is related to a major thermodynamic stability decrease which more likely results from the lower binding enthalpy of the oxygen donor compared to sulfur. Another factor that impacts on the stability is the lack of a hydrogen bond network of the donor with the peptide main chain. As pointed out in the previous chapter, sulfur donors form NHÁ Á ÁS hydrogen bonds with peptide bonds, which stabilize the structure and the entire complex. In the case of the carboxyl group of Asp and Glu it is less likely due to the large distance between them than when they are coordinated to the metal ion and main chain of the peptide. Besides this, the literature on ZF mutants is lacking other stability studies on Asp or Glu-containing ZFs in the coordination sphere. We may expect that the second factor related to ZF stabilization is even more important than lower enthalpy binding of oxygen donors. However, the data presented here suggest that natural sequences, not characterized so far, with acidic residues in the binding position, form less stable complexes, which definitively affect their biological function. Biophysical characterization of ZF peptides requires elimination of certain metal-binding residues in order to study the effect related to that amino acid. This elimination occurs by the substitution of a Cys or His residue in the ZF sequence with a non-metal binding residue such as Gly or Ala. Such a substitution of Sp1-2 ZF performed first by Nomura and Sugiura showed that obtained mutants possess unique hydrolytic properties due to the presence of a Zn(II)-bound water molecule that can catalyze the hydrolytic reaction (see below, Chapter 5). Studies with Co(II) have shown the lack of typical tetrahedral geometry and preference in the formation of penta-or even hexacoordinate geometries depending on mutation position, which was reflected in their conformations [227, 228] . The authors concluded that each ligand in the ZF sequence does not contribute equally to the structure and metal binding ability without further determination of the ZF complex stability constants. Thermodynamic studies were performed; however, on CP-1 mutants with Ala substitution in the Cys4 and Cys7 positions. Elimination of Cys residues demonstrated dramatic collapse of ZF complex stability. ACCH and CAHH ZFs bind Zn(II) with 2.0 Â 10 À7 and 1.3 Â 10 À6 M, respectively, which is higher by 8-9
orders of magnitude compared to the Zn(II) complex of CP-1 CCHH ZF (Table 1 ) [48] . Such a huge stability decrease is explained by the significant structural change. This change is demonstrated by the decreased magnitude of the stabilizing effects in the ZF complex, such as hydrophobic and electrostatic interactions, including those discussed above. Substitution of the Cys residue with an Asp or Glu residue changes the affinity but does not collapse the coordination sphere of the Zn(II) ion, which probably happened in the case of ACHH and CAHH ZF mutants. All of the above studies were performed on artificial ZF models. Currently, our new studies indicate that ZF peptides with one missing coordinating residue (altered metal binding sites) are also naturally occurring. In our study we investigated nine sequentially diverse ZFs with a naturally occurring alteration within coordinating residues (XCHH, CXHH, CCXH and CCHX) and showed that this natural amino acid alteration influence biophysical and biochemical properties of examined ZFs. We have found that the XCHH and CXHH groups of naturally altered ZFs bind Zn(II) with a These results suggest that ZFs peptides with a natural alteration of the coordinating His residues can act as Zn(II)-dependent structural switches under specific cellular conditions dependent on free Zn(II) [200] . Therefore, free Zn(II) fluctuations could initialize ZF folding and further DNA-binding ability or they could trigger domain dissociation inducing functional deactivation. Note that the CCHX sequence is frequently present in protein sequences and still remains uncharacterized in terms of its capacity for binding metal ions.
3.3.4. Alteration in hydrophobic core and loop of bba zinc fingers As described at the beginning of the article, classical zinc fingers are small and highly compact domains having not only a conserved metal binding amino acids but also well conserved hydrophobic residues responsible for the formation of the small hydrophobic core which is essential during domain folding. Presence of these residues facilitates binding of the N-terminal part of the ZF with its loop during Zn(II) complexation, as confirmed by molecular modeling studies [55, 229] . In order to understand the importance of the hydrophobic core for complex formation and its stability a minimalist peptide with Ala residues placed only in hydrophobic (MZF-coreless) and variable amino acid positions (MZF) of ZF was obtained and characterized [230] . Spectroscopic studies have shown that two types of minimalist ZFs form complexes with ML and ML 2 (Table 1) . Unfortunately, a study with Zn(II) has not been performed, so absolute comparison of the thermodynamic effect is difficult. However, the data show that non-conserved residues have an impact on ZF stability, probably by electrostatic interaction. Lack of positively or negatively charged residues reduces thermodynamic stability and has an impact on stoichiometry of formed species. It has been shown, in other examples, how electrostatic interaction in the bhairpin of ZF contributes to total free energy of ZF formation [31, [231] [232] [233] . Taking into account other, unexplored effects, it became clear that presence of particular amino acid residues in ZF sequence is not random and it is related to the DNA recognition code and stability of the entire domain. This topic has not yet been fully explored. Elimination of hydrophobic residues additionally decreases stability of the ZF complex despite coordination of Cys and His residues by more than an order of magnitude. Although hydrophobic interactions do not contribute directly to free energy changes like electrostatic ones, they are critical for surface protein interaction with the solvent, which influences enthalpic and entropic components [57, 58, 234] . For instance, the substitution of the second conserved Phe with a Leu residue in the human bba ZFY zinc finger peptide revealed the significant contribution of solvation thermodynamics to protein and complex stability [197, 198] . Furthermore, substitution of conserved Leu in the ZF loop with another aliphatic but less hydrophobic residue results in ZF mutants with similar conformation to WT, although their DNAbinding ability is decreased [235] . This demonstrates that the bulkiness of the conserved aliphatic residue is important in the formation of the well-packed hydrophobic core and proper ternary structure of ZF. This hydrophobic core-driven stabilization is therefore apparently related to the DNA binding function of ZFs [235] . However, it has been shown that the Arg residue present in the conserved position of Leu in the ZIF268-2 ZF is not essential for domain stability but critical for DNA binding mediated through both electrostatic interaction and hydrogen bonding with the DNA phosphate backbone [236] .
Zinc finger structure and stability were also examined by the functionality of the large loop of bba ZFs. Deletion of a single amino acid neighboring Cys7 from the loop part (MZF-D8) causes a decrease of the loop and distance between binding residues from 12 to 11. Initially, this truncation was tested on a minimalist ZF in the reaction with Co(II) ions. It was observed that this amino acid residue deletion has a similar impact as exchange of all variable (non-conserved) amino acids to the Ala residue (MZF-D8-coreless) [230] . The same conclusion was reached when ZF peptide without the core and deleted residue was compared to ZF without the core. Both ZFs indicate the same Co(II) binding ability. However, when CP-1 CCHH ZF was truncated by the deletion of the same amino acid residue (CP1-D8) it was found that it binds Zn(II) more than four orders of magnitude less tightly than CP-1 CCHH ZF with K d of 2.5 Â 10 À11 M. Interestingly, the same CP1-D8 ZF binds Co(II) with an almost identical K d value (1.6 Â 10 À6 M) as MZF-D8 and MZF-D8-coreless ZF peptides, which is also more than four orders of magnitude higher than in the case of CP-1 ZF [37] . This shows that both alterations of the hydrophobic core and shortening of the zinc finger loop have dramatic consequences for metal binding. Although it has not been tested yet by their DNA binding abilities, we may conclude that both kinds of truncations also affect DNA recognition.
Metal-coupled folding of ZF domains
Metal binding to zinc finger peptides is not a simple, one-step process. Because the zinc domain demonstrates structural features typical for other protein domains it is formed upon Zn(II) complexation in a multi-step process. Both experimental and computational methods have shown that Zn(II) binding to the CCHH ZF peptide occurs at an early stage of the folding and starts with the coordination of both Cys residues and subsequent b-hairpin formation (Fig. 19) . The next step of metalation is the coordination of Zn (II) to N-terminal His, which is coupled with formation of the hydrophobic core. The last step of zinc finger domain formation is binding to C-terminal His, which terminates the folding process [55, 237] . Such stepwise binding of the native ligands to Zn(II) results in formation of component secondary structures and tertiary structure. From the protein point of view the folding initiates with a hydrophobic collapse during which the a-helix may be partially formed although its stability is very low. Then the folding proceeds with full formation of the b-hairpin and partial formation and stabilization of the a-helix (Fig. 19 ). This scenario is strongly coupled with the binding of the Zn(II) ion. Zinc binding not only stabilizes the native state but also participates in the whole process. Without the help of the Zn(II), the zinc finger peptide cannot fold to its proper 3D structure. A molecular dynamic study showed the critical impact of the Phe2 residue on the folding transmission of the ZF domain. The binding of Zn(II) to Cys4 and Cys7 residues initiates formation of the b-hairpin due to formation of NHÁ Á ÁO hydrogen bonds, which in consequence brings Phe2 closer to non-polar residues of the loop. This, as stated above, initiates formation of the hydrophobic core and stabilizes the a-helix in a highly cooperative manner. Interestingly, species with two Cys and N-terminal residues bound to Zn(II) demonstrate high structurization, as has been confirmed experimentally. The Zn(II) complex with mutated C-terminal His24 demonstrates stable conformation observed in CD spectra, which does not happen when the N-terminal residue is mutated [48, 227] . Such a mechanism of hydrophobic core mediated folding and stabilization of the component secondary structures by the Zn(II) binding ensures that a single Zn(II) ion can simultaneously stabilize several secondary structures which have large spatial separation. A good example which supports this statement has been demonstrated in very recent studies, where a single Zn(II) ion initiates structural organization of two molecules of the Rad50 protein with a hook domain in a hydrophobic core mediated manner. The structural changes driven by one single Zn(II) are immense because it initiates formation of the coiled-coil structure over a very long distance of the Rad50 protein [56] .
The folding pathway demonstrated by molecular dynamic studies is highly consistent with the observation that Cys residues of the CXXC motif are pre-organized in apo-forms in such a way as to cause lowering of the pK a value of one thiol group (see above). This may be one possible mechanism whereby Zn(II) binds first to Cys but not His residues. Moreover, Zn(II) coordination to this motif is enthalpically driven due to formation of two ZnAS bonds and hydrogen bonds that are responsible for b-hairpin formation. As discussed above, besides NHÁ Á ÁO bonds typical for b-sheets the metal-induced b-hairpin also possesses NHÁ Á ÁS hydrogen bonds that additionally stabilize the hairpin and ZF complex. As pointed out above, the formed b-hairpin through Phe2 initiates hydrophobic core formation and subsequently stabilizes the ahelix. This signal-folding transmission is associated with two additional energetic effects. Both stabilization of the a-helix associated with reorganization of electrostatic and hydrogen bond interactions and formation of the hydrophobic core which causes changes in peptide solvation affect enthalpic and entropic components of free energy. An isothermal titration calorimetry study on zinc finger complex formation revealed that enthalpy of ZF formation after subtraction of the heats of buffer protonation is the sum of heats related to ligand ionization (Cys residues) and enthalpy of Zn(II) complex formation (Eq. (24)). As pointed out above, the complex formation is not a simple one step process and depends on multiple energetic factors. One of these is enthalpy of ZnAS and ZnAN bonds formation (DH°Z n-L ) associated with coordination of the Zn (II) ion; however, the second -critical for ZFs -is the structure formation within the peptide chain (DH°p ep ) upon Zn(II)-binding. In other words, the enthalpy of complex formation depends on bonds' enthalpy and enthalpy of ZF motif structurization coupled with metal binding but without considering the metal ion directly (Eq. (25)). 
This shows that the difference in the stability of CCHH ZFs is intrinsic to the secondary and tertiary structure of this domain. Depending on how many stabilizing effects are present in the 3D structure, a particular domain demonstrates lower or higher affinity for Zn(II). Gibney and co-workers based on minimal unstructured poly-Gly peptides with variable Cys residues determined that the dissociation constants of their Zn(II) complexes at pH 7 are 6, 10 and 56 pM for CCCC, CCCH and CCHH peptide, respectively [32] . Lack of a secondary or tertiary structure within those complexes simplifies Eq. (25) to the DH°Z n-L component only and indicates therefore that formation enthalpy depends on coordination bond formation and Cys ionization energetic effects. When comparing dissociation constants of minimal poly-Gly complexes with natural ZFs (obtained in competition studies) or even CP-1 ZFs, one can see that they are higher, which shows that additional energetic effects related to domain folding are indeed built into the 3D structure of zinc fingers [35] . An interesting example of a zinc domain from human transcription factor IIB (ZBD-TFIIB) has been examined by the same group [184] . This zinc motif binds one Zn(II) ion with the CHCC coordination environment, and it was found to have an organized 3D structure also in apo-form. It means that Zn(II) binding to this motif is not coupled with major structure arrangements. Stability studies on this motif showed that the dissociation constant of the Zn(II) complex with ZBD-TFIIB peptide is 1.5 Â 10 À12 M at pH 7.
This value is just slightly lower than that obtained for poly-Gly peptides with the CCCH binding motif but significantly higher by 2-3 orders of magnitude when compared to other zinc domains where metal binding induces major structural arrangements of the peptide chain in a metal-coupled fashion (Table 1 ). This clearly demonstrates that the Zn(II)-induced folding of the zinc motif is a critical factor driving high stability of zinc fingers. This also shows that zinc binding motifs for which metal-coupled folding does not occur, or is minimal, bind Zn(II) less efficiently, which might be connected with their natural role. For instance, Zn(II) binding to metallothionein, where up to seven Zn(II) ions are bound with the Zn(Cys) 4 environment, occurs with nano-and picomolar affinity, and it is directly connected with the natural function of this protein as a cellular zinc buffer component [181, 188] . It should be noted that besides structural stabilizing effects in protein, there are also those that can decrease the stability of certain metal ions in proteins. However, this mechanism remains unexplored.
Multiple stabilizing effects in a sophisticated consensus zinc finger and highly stable domains
The consensus zinc finger, without doubt, is the most explored zinc finger so far in terms of its metal binding properties, stability, reactivity and applications in biotechnology [238] [239] [240] . Very early studies showed that this artificial (non-natural) peptide binds Zn (II) very tightly. Nowadays we know that it binds Zn(II) more tightly than natural sequences and the reasons for those features remain not fully understood (Table 1) . Although natural and CP-1 CCHH zinc fingers display high structural similarities, they differ substantially, for example, in the number of polar or hydrophobic residues, sequence variation or length of linkers between binding amino acids. Previous chapters highlighted important factors that influence ZFs stability, and they are critical for the sophisticated CP-1 ZF, which combines all of them in one sequence. ITC studies showed that formation of the Zn(II) complex with CP-1 peptide is associated with the largest enthalpy change among all CCHH ZFs studied so far by this method [33, 93] . This indicates that DH°must be connected directly with energetic effects related to metalcoupled folding (Eqs. (21)- (23)). The same method shows that changes in the enthalpic component are lower and vary among natural ZFs, clearly indicating that stability constants of ZFs vary, even without detailed studies in this matter. It should be pointed out that diverse stabilizing effects derived from sequence composition of a naturally occurring ZFs have significant influence on their affinity for Zn(II). Based on the competition studies -the most relevant method for ZF stability determination -it can be concluded that dissociation constants of bba ZFs vary from $10 À11 to $10 À15 M,
thus the ZFs may demonstrate a variable saturation state under naturally changing free Zn(II) values [34] . It has been shown that some ZFs may remain unoccupied and be transiently saturated by Zn(II) in the cell [241] . The sophisticated nature of the artificial CP-1 consensus zinc finger can also be found in natural zinc motifs with other than bba architecture. Interesting and well characterized in terms of Zn(II) binding example is the LIM domain from human PDLIM1 protein (elfin). As indicated above, the LIM domain binds two Zn(II) ions in a compact, cassette-like domain where two ZFs form a tandem topology within CCHC coordination [36, 242] . It has been shown that individual (isolated) zinc fingers of this domain demonstrate moderately high affinity for Zn(II) (K d $10 À12 M), whereas K d values of the isolated ZFs that are linked to form the LIM domain are decreased by $2 orders of magnitude (Fig. 20a ) [36] . Interestingly, when. The entire LIM domain is well structured and its structure was solved by NMR investigation. Increase of the affinity and clear CD spectral changes supported the statement about the important metal-induced folding effect. Moreover, the 3D structure of that domain shows that two ZFs interact with each other by electrostatic and hydrophobic interactions. Mutation of residues responsible for those interactions decreases Zn(II)-toprotein affinity, which confirmed that the structure is additionally stabilized by inter-zinc finger interactions [36] . Elongation of the C-terminus additionally by three amino acid residues from the native sequence results in further stability increase observed by a 5-fold decrease in K d (Fig. 20a) . Interestingly, this part of the domain is a part of the conserved a-helix and is commonly omitted when the LIM domain sequence pattern is provided. Additional elongation of the domain by 14 amino acid residues from the Cterminal tail of PDLIM1 protein increases domain stability substantially (Fig. 20a) . This demonstrates that thermodynamic stability of zinc binding sites in proteins is not only controlled by the factors present in the domain but can be affected by the interaction of the domain with other parts of the protein [36] . Available literature data on chemical and biophysical characterization of zinc fingers and proteins with structural zinc binding sites clearly show that current knowledge about energetics of zinc finger domains is still insufficient to understand all the rules that control zinc domain stability/instability and, related with this, protein function or its reactivity. Even less explored are interprotein domains and interaction sites that are formed by the cocoordination of two or more protein molecules. Recent studies on zinc hook domain from Rad50 protein show that, similarly to CP-1 ZF, zinc hook combines several energetic effects that elevate thermodynamic stability. The most important one for Zn(Cys) 4 core stability elevation in this protein is the formation of small b-hairpin, which decreases K d value by $5 orders of magnitude compared to the zinc core formed by CPVC motifs alone (Fig. 20b) . The study shows that hydrogen bonds NHÁ Á ÁO and NHÁ Á ÁS formed during Zn(II)-coupled folding are the most vital factor for changing the free energy of complex formation. It has been shown that elongation of N-and C-terminus initiates the formation of coiled-coil structures interacting between each other, thereby further increasing stability of the complex, resulting in one order of magnitude difference. Highly interesting about the zinc hook domain, and peculiar in respect to Zn(Cys) 4 core from typical ZF, is a multiplication of energetic effects due to presence of two bound protein molecules (Fig. 20b) . In other words, the single Zn (II) ion induces the metal-coupled folding process in both protein chains, which in consequence greatly elevates the stability of such formed quaternary protein structure [56] .
Metal binding properties of zinc fingers
The previous chapters devoted to zinc finger architectures and stability showed that Zn(II) binding to zinc finger motifs is highly favored due to a number of chemical, sequential and structural factors of both the Zn(II) ion and the protein. Although in the cellular environment Zn(II) is tightly bound by a large number of proteins, its availability is still sufficiently high to support newly biosynthesized proteins with the Zn(II) cofactor. As indicated before, free Zn(II) concentration varies in the cell from 10 À9 to 10 À11 M, with an average value of around 10 À10 M [188, 243] . Zinc finger motifs in order to be saturated with Zn(II) should bind their cofactor with a dissociation constant below the value of the available free Zn(II) concentration. Although zinc finger motifs are naturally designed to bind Zn(II), they are also capable of binding other metal ions. Zinc finger motifs bind some other metal ions directly when they are added to apo-forms of zinc fingers, but, what is extremely important for biology, they may substitute Zn(II) in their native coordination environment. The impact of the metal binding can vary greatly, both structurally and functionally, and closely depends on the metal ion properties and type of zinc finger. Displacement of Zn(II) with spectroscopic probes such as Co(II) or Cd(II) is a common procedure in the study of natural coordination environments of metalloproteins or determination of their stability constants. However, substitution may result in the toxic action of certain metal ions including toxic effects and carcinogenesis of other metal ions [39, 40] . Various effects of metal ion substitution have been previously described including the formation of mixed complexes, incomplete coordination of toxic metal ions as well as cysteinyl sulfur oxidation within the altered DNA-binding domain [29] . It has been shown that such metal ions as Cd(II), Ni(II), Cu(I), Hg(II), Pb(II), Pt(II), and Co(II), but also metalloids such as As(III) and Sb(III), can compete for a ZF when associated with Zn(II) in its native structure. The structural and chemical consequences of Zn(II) substitution in ZFs are heterogeneous. For instance, Co(II) does not change the geometry or ZF structure due to its isostructural properties with Zn(II). The Cu(I) ion has high affinity towards thiols and, due to different geometry preference, it can form binuclear mixed complexes with Zn(II). Similarly, the Ni(II) ion affects the tetrahedral geometry of the native metal ion, making it more planar, which in consequence increases sensitivity to oxidation [221] . Binding of Cd(II) in some cases results in slight changes in geometry due to high physical similarity to Zn(II).
On the other hand, it affects recognition and binding to cognate DNA sequences via perturbing the structure of the ZF domain [244, 245] . Therefore this chapter is devoted to metal binding properties of other than native Zn(II) ions, focusing on the structural and physicochemical consequences of metal ion substitution, which are critical for ZF characterization but also important for understanding the molecular bases of toxic effects of metal ions and their complexes.
Co(II) ion as a spectroscopic probe of Zn(II) in ZF proteins
Cobalt naturally occurs in Co(II) and Co(III) oxidation states and is less frequently encountered in metalloproteins than the other first-row transition metals. The Co(II) ( d 7 ) ion demonstrates intermediate Lewis acidity similarly to Zn(II) and therefore demonstrates high preference towards oxygen, nitrogen but also sulfur donors. Generally, in biomolecules, Co(II) adopts mostly four (tetrahedral) and six (octahedral) coordinate geometries [246] . The two environments are not strongly discriminated because different 3d 7 electron configurations are not especially favored by a particular ligand distribution [247] . The Co(II) ion due to its incompletely filled d-subshell possesses very interesting paramagnetic and spectroscopic properties that are used for the study of the interaction of this metal ion with biomolecules. In this case a commonly used method is electronic absorption spectroscopy, where d-d transitions are clearly visible due to the molar absorption coefficient being up to 1000 M À1 cm
À1
. Moreover, Co(II) forms intensive low energetic LMCT bands observable both in the visible and UV range of the spectra when bound to sulfur donors of cysteine-rich proteins. Additionally, the electronic properties of Co(II) ions are used in magnetic circular dichroism and electron nuclear double resonance (ENDOR) spectroscopies, which can be powerful tools to assess the geometry and coordination environment of metal ions and specific DNA interactions [248, 249] .
Application of the Co(II) ion as a probe of metalloprotein binding sites has a long history. The first studies on the substitution of Zn(II) in metalloprotein were conducted using carboxypeptidase and alcohol dehydrogenase. High resolution crystal structures of the native and Co(II)-substituted complexes of these two enzymes show that there is a minor difference in the structure of Zn(II) and Fig. 20 . Experimentally determined energetic effects that affect stability of: (a) LIM and (b) zinc hook domain from PDLIM5 and Rad50 protein, respectively [36, 56] . Red color demonstrates domain truncation.
Co(II) protein complexes [250, 251] . Hence the structural and mechanistic conclusions derived from this study may be reasonably applied to the native Zn(II) environments in proteins. Indeed, the application of Co(II) to probe the Zn(II) coordination environment of zinc finger proteins was used from the very beginning after their discovery. Characteristic d-d bands allow one to distinguish types of donor bound to Co(II) (see below) and observation of their intensity allows one to study the stoichiometry of formed complexes or analyze CoZF complex concentration, which is critical for the determination of stability constants of Co(II) and Zn(II) ZF complexes (see Chapter 3).
Generally, two types of information about the Zn(II) coordination environment probed by the Co(II) ion can be retrieved from electron absorption spectroscopy. First, electronic absorption spectra are readily interpreted in terms of tetrahedral or octahedral geometries. Owing to comparatively smaller ligand-field stabilization energy in complexes of tetrahedral symmetry, absorption maxima occur at lower energy than in octahedral ones [252] . The geometry of the Co(II) complexes is also characterized by the molar absorption coefficient (e). 4 core is the most symmetrical one typical for Cys-rich proteins. Fig. 21 firstly demonstrates spectra of the d-d range of Co(II) complexes with the consensus zinc finger CP-1 [92] . Secondly, it shows spectra recorded for various ZF complexes with bound Co(II). The spectra show that the most separated bands are observable for Co(Cys) 3 His and Co(Cys) 4 , and the overlapping character is demonstrated by Co(Cys) 2 (His) 2 coordination. It is also visible that particular Co(II)-substituted ZFs' spectra differ from complex to complex in relative intensities but also energy of particular band components (Fig. 21) [91] . In comparison, our recent studies performed on ZFs with a naturally altered metal binding sites showed that peptides from XCHH (ZNF273) and CXHH (ZFP473) ZF groups change the metal coordination mode from a tetrahedral (found in classical ZFs) to a pentacoordinate environment (Fig. 22a ) [200] . In this case the d-d band appeared at $540 nm with a molar absorption coefficient value of about 100 M À1 cm À1 for the CoL complexes (Fig. 22b) . Unlike ZNF273 and ZFP473 peptides from CCXH (ZNF732) and CCHX (ZNF442) groups have values of molar absorption coefficient of d-d bands around 450 M À1 cm
, indicating tetrahedral geometry of the metal center (Fig. 22b) . It is worth mentioning that ZNF732 showed appearance of the d-d bands [254] , XPA ZF [219] . Spectra were adopted using the freeware WebPlotDigitizer.
(630, 690 and 730 nm; Fig. 22b ), indicating a typical Co(Cys) 4 coordination environment, where two ZF molecules are coordinated to one metal ion via two Cys residues derived from each ZF peptide (Fig. 22a) . On the other hand appearance of two d-d bands ($645 nm and $570 nm) for ZNF442 (CCHX) indicate formation of ML complex (Fig. 22a) . Interestingly, the d-d bands pattern of ZNF442 (CCHX) is similar to d-d bands observed for CoCP-1 peptide (CCHH) with identical absorption maxima at $645 nm and $570 nm (Fig. 21) [92] . This, similarity in position and intensity of d-d bands confirm the formation of tetracoordinate environment of metal ion in ZNF442 (CCHX) and suggest presence of two Cys residues and one His residue in the coordination sphere which could be complemented by one water molecule (Fig. 22a ) [200] . It is noteworthy that all spectroscopic titrations showed that entire spectrum of d-d transitions is red-shifted with an increasing number of sulfur ligands, while it becomes more blue-shifted when the sulfur ligands are replaced with imidazole nitrogen ligands [92, 200, 252] .
Because the d-d band pattern varies significantly from one type of coordination to another, it can be applied for analyzing Co(II) transfer from one environment to another or quantitative analysis of the Co(II) speciation. The difference in d-d spectra for particular cores was applied very early for the study of various ZFs' affinity. Two CP-1 ZFs with various coordinating patterns equimolarly mixed were titrated with Co(II) and analyzed at various wavelengths, which allowed the relative affinity of ZFs to be distinguished (Fig. 23a) [92] . A similar approach has been applied for competition studies between CP-1 and GATA ZF peptide [254] . As mentioned above, many double zinc finger domains differ in the coordination sphere between the two ZFs. Absorption spectra observable upon Co(II) binding to these motifs are averaged. When the domain is titrated with Co(II), the d-d band intensity may increase linearly up to saturation of both cores, which indicates identical affinity of both sites for Co(II) and probably the same for Zn(II). If d-d components' intensities change relatively during titration with Co(II), this indicates the difference in affinity of particular ZF sites in the domain as observed previously for the RING finger from BRCA1. Exact analysis of the spectra (Fig. 23b ) allows one to describe the anticooperative mechanism of Co(II) binding to the RING domain demonstrated by Àlog K d of 7.5 for site I and 6.3 for site II when site I is unoccupied, and 5.10 for site II when site I is occupied [258] .
Another common, but with limited utility in biological systems, oxidation state of cobalt is +3 (Co(III)) with the electronic configuration 3d 6 . Due to its low-spin electron distribution on the dsubshell in octahedral coordination environments, Co(III) complexes are kinetically inert on biological time-scales owing to very slow ligand exchange rates. Thus, any protein or enzyme that binds Co(III) will need to influence the ligand field stabilization energy sufficiently to overcome the slow ligand exchange kinetics [247] . In a recent report it was shown that Co(III) Schiff-base complexes could selectively inhibit the zinc finger transcription factor. Fluorescence experiments revealed that Zn(II) is released from human Sp1 in the presence of the Co(III) complex. Additionally, 1 H NMR spectroscopy confirmed that the structure of zinc finger peptides is disrupted by axial binding of the Co(III) to the nitrogen of the imidazole ring of a His residue. Finally, a DNA-coupled conjugate of the Co(III) complexes selectively inhibited Sp1 in the presence of several other transcription factors [259] . [261] . These spectral properties together with electronic spectra of a model compound with known geometry can provide information about ligand type and geometry of the unknown Ni(II) complexes. The first investigation of Ni(II) interaction with a zinc finger was performed on the CP-1 consensus ZF peptides [155] . Fig. 24 demonstrates UV-spectra of CP-1 CCHH and CP-1 CCHC ZFs of Ni(II) complexes. The spectra are similar to those observed for distorted Ni(II) complexes including aspartate transcarbamylase and rubredoxin, which are consistent with Ni(Cys) 2 (His) 2 and Ni(Cys) 3 His cores rather than Ni(Cys) 4 [262, 263] . Additional d-d bands were observed in the near IR range with maxima at 1600 and 1725 nm for CP-1 CCHH ZF and 1550 and 1700 nm for CP-1 CCHC ZF [155] . NMR studies indicated that zinc finger complexes with Ni(II) are paramagnetic and hence distorted tetrahedral rather than diamagnetic and square planar. Because d-d bands of Ni(II) complexes have a significantly lower molar absorption coefficient they are not commonly used for the investigation or quantitative analysis of NiZF complex formation. Fig. 24 shows that besides . These bands allow investigation of Ni(II) binding to ZF peptides and determination of their stability constants. As mentioned in Chapter 3, dissociation constants of Ni(II) complexes are relatively low compared to Zn(II) and even Co(II). Table 1 shows that their values vary from $10 À5 to 10 À6 M. The fact that d-d bands of Ni(II) complexes are weak compared to d-d bands of Co(II) complexes with CCHH ZF complexes was used to determine dissociation constants of CoZF complexes in the presence of Ni(II) ions, which extend the range of affinities in the spectroscopic approach [35] . The interaction of Ni(II) with CCHH ZF domains has also been investigated in terms of Ni(II) complexes' interactions with DNA. Interestingly, the substitution of Zn(II) with Ni(II) in Sp1-3 ZF causes no differences in the mode of protein-DNA interaction. However, the DNA sequence preference of NiSp1-3 ZF complex changes significantly and is distinct from that of ZnSp1-3 ZF. This indicates an important effect of Ni(II)-induced folding on sequence specific recognition of ZF proteins [264] . This alteration of DNA binding specificity in the NiSp1-3 complex is presumably due to the diversity of the finger structure coordinated by Ni(II). It is expected that the structure of ZFs with Ni(II) differs slightly from that of Zn(II). Another interesting example which changes its geometry during Ni(II) binding is XPA ZF. It has been shown that Ni(II) forms with this ZF a square planar complex, as opposed to the tetrahedral structure of the native Zn(II) complex [221] . Consequently, the overall zinc finger structure is lost in the Ni(II)-substituted peptide. It has been shown that the dissociation constant of the NiXPA ZF complex is 3.2 Â 10 À7 M, which is significantly lower compared to the complexes with classical ZFs (Table 1 ) [221] . This is likely due to different coordination geometry in complexes of both types of zinc finger domains. Recently, an even more stable complex of Ni(II) with the second ZF of PARP-1 protein has been described. It contains two zinc binding motifs, which are essential for the recognition of damaged DNA. Each Zn (II) ion from the PARP-1 ZF is complexed through three Cys and one His residues (CCHC). The dissociation constant of the Ni(II) complex with CCHC ZF in this protein is 2.6 Â 10 À7 M [158] .
Ni(II) ion as a spectroscopic probe and damage factor of ZFs
Interestingly, zinc finger peptides in Zn(II) complexes are remarkably resistant to air oxidation (see Chapter 5); however, it has been shown that presence of Ni(II) ions can promote their oxidation. For instance, Zn(II)-saturated XPA ZF is resistant to air oxidation and is only slowly oxidized by H 2 O 2 in a concentrationdependent manner. However, the presence of a 10-fold molar excess of Ni(II) is sufficient to accelerate this process, which indicates that XPA ZF can undergo Ni(II) assault in specific conditions [221] . This study indicates that Ni(II) ions disturb the structure of zinc finger domain and consequently promote sulfur oxidation, thereby increase nickel toxicity. Besides oxidizing effect, another interesting property of the Ni(II)-substituted zinc finger is metalassisted hydrolysis of peptide bonds. In early studies on epigenetic effects on nickel species it was demonstrated that Ni(II) binds selectively to the C-terminal part of histone H2A and catalyzed hydrolytic cleavage of the protein, which altered formation of nucleosomes and chromatin [265] . It was found that Ni(II) binds to the -TESHHK-amino acid sequence and forms a square planar complex which catalyzes hydrolysis of the peptide bond between Gln and Ser residues [266] . This reaction was found to occur in all peptides where the Ser or Thr residue is separated by only one residue (Xaa) from His (-Ser/Thr-Xaa-His-) [267] [268] [269] . It has been proved that these sequences are common in ZF domains Fig. 23 . Absorption spectra of (a) Co(II) co-titration between GATA1 and CP-1 ZFs [254] . (b) Thermodynamic scheme for cooperative metal binding to two sites within the RING finger domain of BRCA1 with absorption spectra of its Co 2 ZF complex (black), and two different CoZF complexes with occupied site I (red) and site II (blue) presenting various coordination spheres [258] . Spectra were adopted using the freeware WebPlotDigitizer. [155] . Spectra were adopted using the freeware WebPlotDigitizer.
and Ni(II) causes selective hydrolysis of ZF sequences [270] . Fig. 25 presents investigated ZFs with the indication of hydrolytically active sequences. According to the mechanism, Ni(II) cocoordinates to imidazole of the His residue, which binds at the same time to Zn(II). Such coordination influences the secondary structure of ZF and in consequence causes hydrolysis of the ZFcontaining peptide or protein [270] .
Cadmium fingers
According to the hard-soft classification of metal ions, Cd(II) as a reasonably soft metal ion prefers to coordinate to soft sulfurcontaining donor groups; however, in the biological environment is frequently coordinated to nitrogen and oxygen donors [247] . Interestingly, there is difference in preference of the Cd(II) ion among divergent zinc fingers where the number of Cys residues is increasing. As pointed out in Chapter 3, CCHH ZF complexes have higher affinity for Zn(II) than for Cd(II). Stability constants become less similar to the CCCH coordination type and increase significantly in the case of CCCC binding sites. The explanation of this phenomenon is related to the energetic preference for sulfur donors over nitrogen ones. This is consistent with Pearson's concept of hard and soft acids and bases [220] .
The literature on the Cd(II) ion interaction with zinc fingers is rather sparse, although the toxic and carcinogenic character of Cd(II) is a well-known topic [271] . It has been shown that micromolar concentrations of Cd(II) are capable of inhibiting the binding between TFIIIA and 5S RNA gene determining that the zinc finger structure of the protein is the main target [272] . It has been shown, in the example of human metalloregulatory transcription factor MTF-1, that Cd(II) ions during binding to CCHH ZFs altered bba structure, which further limits their mode of DNA recognition [273] . Relatively low affinity of Cd(II) towards CCHH ZFs is demonstrated by the highly stable CP-1 CCHH ZF in the case of the Zn(II) complex, which binds Cd(II) with nanomolar affinity; therefore we may expect that natural ZFs would bind Cd(II) with even lower affinity, although examples are not found in the literature [90, 92] . As indicated above, Cd(II) demonstrates significantly higher affinity for CCCC zinc fingers. For instance, the dissociation constant of the CdZF complex with CP-1 CCCC ZF is 4 Â 10 À14 M and 1.6 Â 10 À14 M in the case of the XPA ZF [92, 219] . It should be pointed out that dissociation constants of these complexes were determined by the reverse titration method. The CP-1 CCCC ZF complex with Co(II) was spectroscopically reverse titrated with Cd(II). In the case of XPA ZF, the zinc finger was first saturated with Zn(II) and then spectropolarimetrically titrated with Cd(II) and spectral changes were used for exchange constant determination. The actual K d values of Cd(II) complexes with those ZFs can be even lower according to the method limitation described in Chapter 3. However, it has been clearly shown in the example of XPA ZF that Cd(II) ions are able to substitute Zn(II) in the native ZnXPA ZF complex, which is recognized as a possible mechanism of Cd(II) toxicity and inhibition of XPA factor activity in DNA repair [219, 274, 275] .
Lead fingers
Lead is a relatively unreactive post-transition metal which demonstrates various coordination properties. The Pb(II) ion, which is the most relevant for biological aspects, exhibits intermediate properties according to the HSAB concept [260] . Divalent lead binds to sulfur, oxygen, nitrogen and phosphorous donors leading to the formation of complex compounds with a coordination number ranging from 2 to 9. In biological systems Pb(II) has been shown to coordinate to Cys-rich proteins via trigonal pyramidal geometry with a lone pair occupying the apical position -hemidirected -which is a consequence of its electron configuration [276] . Due to the completely filled d-subshell, Pb(II) is known as a spectroscopically inactive ion and has not got any signature in the visible region. However, in complexes involving sulfur donors clear and intensive LMCT bands in the UV range are observable [277] .
Lead belongs to the group of toxic metal ions. Several classes of molecular targets have been proposed to account for the symptoms associated with lead poisoning. The ionic mechanism of action for lead toxicity mainly arises due to its ability to replace other divalent cations including Ca(II), Fe(II) and Zn(II) found in many important biomolecules [278] [279] [280] . One of the best docu- mented targets for Pb(II) is the second enzyme in the heme biosynthetic pathway, a zinc enzyme called aminolevulinic acid dehydratase (ALAD) [281] . In vitro ALAD is inhibited by femtomolar concentrations of Pb(II), while in vivo activity of ALAD inversely correlates with blood lead level. The crystal structure of this enzyme reveals that ALAD contains an unusual Zn(Cys) 3 active site [282] and Pb(II) binds to this site in a trigonal pyramidal geometry [283] . High preference of Pb(II) for Cys-rich proteins has been demonstrated by its interactions with metallothioneins, where it causes Zn(II) release [199, 284] . Pb(II) substitution for Zn(II) has also been observed in many natural zinc finger proteins including Sp1, early growth factor 1 (Egr-1), TFIIIA and HIV-1 NCp7 [284] [285] [286] [287] . Furthermore, a consensus zinc finger peptide CP-1 CCHH, CCHC and CCCC were examined [285, 288] . Pb(II), similarly to Cd(II), demonstrates the highest binding affinity for CP-1 CCCC ZF peptide (3.9 Â 10 À14 M). However, its affinity for CP-1 CCHC (8 Â 10 À11 M) and CP-1 CCHH (5 Â 10 À11 M) is lower compared to Zn(II) ( Table 1 ) and the Pb(II) ion is not able to substitute Zn(II) from those consensus ZFs [285] . The differences in these dissociation constants may be due to the divergent spatial arrangement of the ligand and the steric hindrance effect (Fig. 26) . The NMR studies performed on a CCHC domain from HIV-1 NCp7 and circular dichroism studies of CP-1 CCHC and CCCC ZFs reveal that even though Pb(II) binds tightly to these domains, it does not promote proper folding of the structural site [284] . An important factor influencing coordination environment around Pb(II) is the presence of a stereochemically active lone pair leading to certain geometries. This property distinguishes Pb(II) from Zn(II) and Ca(II) and is perhaps the most important reason why the coordination geometry is differ during Pb(II) binding to zinc or calcium sites [278, 289] .
Although Pb(II) demonstrates a lower affinity for CP-1 CCHH ZFs than Zn(II), studies performed on natural ZFs and ZF-containing proteins show that Pb(II) can target the classical domains, hence altering the regulation of gene expression [290] . This suggests that natural ZFs have similar or higher affinity for Pb(II) than Zn(II) [291] . Studies performed on TFIIIA demonstrated that the PbTFIIIA ZF complex does not bind to DNA, while further addition of Pb(II) to the ZnTFIIIA-DNA adduct causes dissociation of the protein from DNA [272] . The effect of Pb(II) on the DNA-binding activity of CCHH zinc-finger proteins such as TFIIIA was studied using DNase I protection assays. Studies performed on TFIIIA demonstrated that the PbTFIIIA ZF complex does not bind to DNA revealing that the binding of TFIIIA to DNA is significantly impaired at low concentrations of Pb(II) and completely inhibited at slightly higher (5-20 mM) concentrations [286] . The inhibitory activity of Pb(II) was not easy to reverse when supplemented with Zn(II) excess.
Further studies showed that Pb(II) forms tight complexes with Cys residues in the zinc sites of GATA-1. GATA-1 proteins bind two Zn(II) ions in Zn(Cys) 4 cores and therefore have been examined as a target for Pb(II) ions. The binding of Pb(II) examined spectroscopically in the UV range has been examined on a full two-ZF protein fragment (GATA-1-DF) and the second ZF of GATA-1 (GATA-1-CF). It was found that Pb(II) binds to GATA-1-CF with a K d value of 1.6 Â 10 À10 M, which is by 3-fold higher compared to an analogous complex with Zn(II) (5 Â 10 À11 M) [292] . The dissociation constant of the double ZF motif was found to be 1.
and 1.6 Â 10 À21 M À2 for Pb(II) and Zn(II), respectively. This indicates that GATA-1 ZF binds Pb(II) 10 times more weakly compared to Zn(II) and may substitute native Zn(II) only when present in excess. Indeed, spectroscopic studies on GATA-1 ZF substitution with Pb(II) confirmed the conclusion drawn from stability constant values. Even clearer results were obtained when Pb(II) was added to GATA-1 ZF in a DNA binding assay. In addition, GATA-1 shows a decreased ability to bind DNA and subsequently activate transcription [292] . These results are relevant to zinc fingers containing CCCC sites (e.g., steroid receptors as well as GATA transcription factors), which play critical role in regulating multiple developmental processes affected by lead poisoning, such as neurological development and red blood cell formation [29] .
Copper affects structure and function of native ZFs
The biological importance of copper is closely related to the chemical properties of its two commonly occurring oxidation states +1 (d 10 ) and +2 (d 9 ); however, the +3 state has also been shown to be important as an intermediate in many redox reactions. From the biological point of view, an excess level of copper is toxic to all cells because reaction of Cu(I) with H 2 O 2 and Cu(II) reduction to Cu(I) by superoxide via Fenton chemistry produce reactive oxygen species (ROS) which can further result in oxidative biomolecule damage [293, 294] . The predominant form of copper under the reducing conditions found in cells is Cu(I), which usually binds to proteins with Cys and Met residues [257] . This preferential binding of Cu(I) to these residues is found to be related to HSAB classification where Cu(I) as a relatively large ion of low charge is a soft Lewis acid, and thus is able to form stable complexes with soft Lewis bases such as sulfur donors [260] . The coordination geometry of Cu(I) sites were found to be linear, trigonal or tetrahedral, the latter two being the most commonly found in metalloproteins [294, 295] . Generally, copper has been found in proteins involved in electron transfer of the cytochrome chain in the mitochondria of many plants, algae, and cyanobacteria. In mammals, copper also plays an essential role as a cofactor in numerous enzymatic reactions maintaining proper copper homeostasis. Moreover, beside the cofactor role, copper is able to interact strongly with cysteine-rich proteins including zinc finger domains resulting in functional and structural damage of the proteins. Therefore, mechanical understanding of copper toxicity is of great interest, since abolishment of ZF DNA-binding activity is associated with tumor development. Recent studies performed on the previously characterized CP-1 based peptides (CP-1 CCHH, CP-1 CCHC, CP-1 CCCC) show that Cu (I) is a more thermodynamically favored metal than Zn(II) with high affinity for the CP-1 ZFs peptide [37, 257] . The addition of Cu (I) to either Co(II)-or Zn(II)-reconstituted ZF peptides results in rapid and complete substitution of the Co(II) or Zn(II) ion, indicating that both metal ions affinity is generally governed by metal-toligand interaction, rather than the additional stabilization effect arising from non-covalent interaction (see Chapter 3) . Surprisingly, in contrast to Co(II), Cu(I) induces multi-peptide complexes as two and three Cu(I) ions were found to fully displace Co(II) from CoCP-1 CCHH ZF and CoCP-1 CCCC ZF, respectively. These results suggest that the number of bound Cu(I) ions rises with an increased number of free cysteinyl thiols in the ZF coordination sphere [257] . Nonetheless, in all cases, Cu(I) causes Zn(II) and Co(II) release resulting in a CD spectrum similar to the random-coil spectrum of apo-forms, indicating significant changes in the secondary structure of ZF which can substantially influence ZF function [257] . However, in another study performed on the nonclassical zinc finger domain of the copper response regulator 1 transcription factor (CRR1) completely opposite results were observed [296] . In that case, the Zn(II) displacement by Cu(I) at the CRR1 ZF domain had no impact on the structure and DNA binding affinity, suggested that the Cu(I) ion is able to maintain the protein structure required for DNA interaction [296] . This may be connected with the considerable structural diversity of the ZF domain, which results in variable protein fold and metal ion affinity. Finally, it should be noted that the Cu(I)-binding behavior of synthetic peptides corresponding to isolated ZF domains may not directly reflect the binding properties of a larger protein construct and/or those of a protein-DNA complex [257] .
Despite the above studies focusing mainly on Cu(I) interaction with ZF, previous studies performed on the ZF domains from the estrogen receptor and XPA DNA repair proteins have revealed interactions with Cu(II). These results are consistent with those obtained for Cu(I) because observed Zn(II) displacement by the Cu(II) ion leading to alteration within the structure and function of the ZF domain has been reported [40, 244, 297] . Nonetheless, the newest study of the analogue peptide mimicking methanobactin peptide-2 (amb2) with the sequence Ac-His-Cys-Tyr-Pro-HisCys show that titration of amb2 with Cu(II) induce oxidation of amb2, leading to the formation of intra-and intermolecular CysCys disulfide bridges accompanied by the reduction of Cu(II) to Cu(I). Furthermore, Cu(I) ions created during the redox reaction were found to be coordinated by unoxidized amb2 or the partially oxidized dimer and trimer of amb2 [298] . Even though amb2 is not a zinc finger, its metal binding site is composed of Cys and His residues whose composition is similar to the metal binding site of ZF domains, suggesting that the mechanism of Cu(II) interaction might be identical. Nevertheless, the possible mechanistic variation and diversity within products formed during Cu(II) oxidation of ZF metal binding sites in contrast to amb2 cannot be excluded due to structural diversity and amino acid composition of ZF domains in comparison to amb2.
Interaction of inorganic and organic arsenic species with zinc fingers
More than 50 arsenic species divergent in terms of their physical as well as chemical properties, toxicity, mobility, and biotransformation ability have been identified in the natural environment and biological systems [299, 300] . Nonetheless, in toxicological studies the most relevant forms of arsenic are As(V) and As(III), which are released into the air and water during a natural weathering process [301] . Currently, only three main components of arsenic have been studied in a protein binding process: inorganic arsenite (iAs(III)), monomethylarsonous acid (MMA(III)) and dimethylarsinous acid (DMA(III)) [302] . Recently, it has been shown that synthetic peptides consisting of amino acid residues other than Cys did not bind As(III) at all. This result indicate that proper Cys content and neighboring Cys residues are required for high-affinity arsenite binding with the peptides [303, 304] . Later, it was found that the trivalent arsenical species have a high affinity for protein thiol groups; thus through interaction Cys residues in peptides are reduced, leading to significant conformational as well as functional alteration within protein domains [302] . These trivalent arsenical species were found to inhibit the activities of several DNA repair proteins, including PARP-1, Fpg (formamidopyrimidine-DNA glycosylase), and XPA, each containing a zinc finger DNA binding domain [305, 306] .
It has been shown that trivalent arsenical species (iAs(III), MMA (III), and DMA(III)) release Zn(II) from XPA ZF with various efficiency, indicated that methylated trivalent arsenicals were more efficient than inorganic arsenite, and the estimated affinity of MMA(III) to XPA ZF was 25-fold higher than that of inorganic arsenite (K d MMA = 7.5 Â 10 À8 and K d iAs = 1.3 Â 10 À6 M) [307] . When MMA(III) released Zn(II) from ZnXPA ZF, it formed mono-and diarsenical derivatives of XPA ZF as well as oxidation of unprotected thiol groups to intramolecular disulfides. It was further demonstrated that MMA(III) could react with XPA ZF yielding a mixture of mono-and diarsenical adducted. However, in contrast to MMA(III), there was no complex formation between iAs(III) and XPA ZF [308] . On the other hand the direct binding between arsenical species and peptides derived from both zinc fingers of human PARP-1 was observed using matrix-assisted laser desorption ionization mass spectrometry (MALDI-MS) [309, 310] . Displacement of Zn(II) from the PARP-1 ZF peptides by iAs(III) was demonstrated to be dependent on the iAs(III) concentration, while MMA(III) and DMA(III) inhibited PARP-1 enzyme activity in a low concentration range from 1 to 1000 nM [306] . Overall, arsenite species have been shown to preferentially bind and selectively interact with zinc finger proteins containing a CCHC or CCCC metal binding motif, leading to Zn(II) release and reduced DNA binding ability of the proteins (Fig. 27) . Nonetheless, interaction between arsenite and ZF proteins with the CCHH motif has not been observed [310] [311] [312] . Moreover, the issue of nonspecific association needs to be addressed in protein binding to arsenicals. Stable and specific interaction between arsenic and biomolecules may be necessary to sustain the biological impact of arsenic. Similarly, the nonspecific association between arsenite and DNA demonstrates that arsenic does not directly react with DNA and may account for the fact that inorganic arsenic species are inactive or extremely weak inducers of gene mutations [313] .
Zinc fingers as molecular targets of antimony
Similarly to arsenic, antimony exists in various oxidation states, but the most commonly occurring are antimonite (Sb(III)) and antimonate (Sb(V)). Antimony compounds interact with nucleotides, amino acids, peptides, proteins and enzymes, which are closely related to their uptake, accumulation, redox, transport and excretion in human bodies associated with their antimicrobial, anticancer, antivirus and antiparasite activities. Investigation of the interactions between antimony complexes and their potential biomolecular targets show that Sb(V) is readily reduced to Sb(III) in vivo as well as in vitro, emphasizing that As(III) compounds are usually more toxic than Sb(V) compounds [314, 315] . Despite extensive research, the final molecular target for Sb (III) has not yet been identified [316] . Because of its high toxicity, Sb(III) has commonly been investigated, with many ligands presenting their high affinity towards nitrogen, oxygen, and sulfur donors. The coordination number of the Sb(III) complexes can vary from 3 to 6, forming trigonal pyramidal, trigonal bipyramidal, square-based pyramidal and octahedral geometries [247, 315, 317] . Even though the geometries of Sb(III) complexes have been widely studied, only a few of them have been structurally determined by X-ray crystallography [318, 319] .
It has been reported that Sb(III) competes with Zn(II) for its binding to the CCHC zinc finger domain of the HIV-1 NCp7 protein [316] . Interestingly, comparison of affinity for peptides with different coordination spheres (TbZFP3 -CCCH, NCp7 -CCHC and LmZINC6 -CCHC ZFs) indicates that Sb(III) more effectively removes Zn(II) from the CCCH than from the CCHC ZFs, as a result of both the greater stability of the Sb(III)-CCCH ZF complex and lower stability of the Zn(II)-CCCH complex. These data suggest that the interaction of Sb(III) with CCCH-type zinc finger protein may modulate, or even mediate, the pharmacological action of antimonial drugs [320] . Although all of the studied proteins have the same ligand type, the diverse CD spectra of Sb(III)-CCCH and Sb(III)-CCHC ZFs suggest a significant difference in the binding mode of Sb(III) to Cys residues [320] . Another interesting feature regarding the CCHC-type peptides is the difference in stability constants for either Zn(II) 
Gold fingers
Chemically gold is one of the least reactive transition metals, possessing a wide range of oxidation states, with +1 and +3 being the most chemically and biologically relevant. Commonly occurring Au(I) is a soft, thiophilic metal ion that readily undergoes ligand exchange to interact with thiolates under physiological conditions. Nonetheless, the study of Au(I) biomolecule adducts is challenging because of the spectroscopically inactive d 10 electron configuration of the Au(I) ion. Despite this fact, absorbances attributable to LMCT bands have been identified in Au(I) bound to Cyscontaining proteins [323] . Au(I) has been shown to bind to Sp1-3 CCHH ZF peptide, primarily functioning to promote significant structural changes to inhibit ZF-DNA complex formation. In addition, electrospray ionization mass spectrometry experiments indicate that Au(I) has stronger affinity than Zn(II) for Sp1-3 ZF by 4.2 orders of magnitude [324] . Therefore, it has been proposed that Au (I) could replace Zn(II) in zinc finger proteins at physiologically relevant concentrations. A similar conclusion related to major changes in the secondary structures of ZFs upon Au(I) binding comes from the interaction studies with CP-1 CCHH ZF [323] . This property of Au(I) was confirmed by experiments based on traveling-wave ion mobility mass spectrometry (TWIM-MS) where Au(I) was demonstrated to bind in two ways by C-terminal Cys residues and the first His residues in the a-helix or C-terminal
Cys residues and N-terminal His (Fig. 28 ) [325] . Although 3-and 4-coordinate Au(I) complexes are known, linear complexes are strongly preferred, especially in the presence of anionic ligands such as thiolates [326] . In the case of CP-1 CCHC and CP-1 CCCC ZFs, it has been observed that two peptides seem to bind three Au(I) ions to form two intramolecular Cys A -Au-Cys A centers and one intermolecular Cys A -Au-Cys B center (Fig. 28 ) [323, 327] . This type of coordination has been observed in metal-binding studies of flexible peptide models, which indicate high flexibility of Au(I)-bound zinc finger peptide complexes [328] . High dynamics and lack of characteristic secondary structure elements have been shown by CD investigation, which confirms structural inactivation of ZFs by Au(I) in their DNA recognition [323] . Circular dichroism spectroscopy experiments show that the Au(III) compounds resulted in some degree of Zn(II) release and conformational change when reacting with the C-terminal CCHC ZF of the HIV- (Auterpy), Zn(II) is released and one pair of Cys residues is rapidly oxidized to form disulfide while the other two Cys residues bind Au (I) ion that is produced during the redox reaction. Further analysis has shown that excess of free thiols (mimicking glutathione in cells) influences reactivity of the ZF with the Au(III) complex, yielding a different reaction product where two Au(I) ions are bound to Cys residues present in the CCCC coordination site [331] . Overall, the results obtained so far have demonstrated that Au(I) and Au(III) complexes are able to target and influence the Zn(II) coordination site found in zinc finger proteins to form ''gold fingers".
Interaction of platinum compounds with zinc fingers
Complexes of Pt(II) and Pt(IV) states adopt square planar and octahedral geometry, respectively. As a soft acid, Pt(II) has a great affinity for sulfur phosphorous and nitrogen donor ligands. In terms of therapeutic properties, platinum-based drugs remain an essential class of anti-cancer agents, with cisplatin and carboplatin extensively used to treat various malignancies. These agents are characterized by their capacity to generate lesions on DNA that induce the majority of cytotoxic effects. Although DNA is thought to be the ultimate target for anti-tumor platinum-based drugs, only 1% of cellular platinum binds to nuclear DNA [332] . A recent study suggested that platinum compounds, in general, can act as novel Zn(II)-releasing agents. For example, possible disruption of a zinc finger motif of the DNA polymerase-alpha polypeptide chain by replacement of Zn(II) is suggested as a mechanism of DNA inhibition by cisplatin [333] . Studies performed on the C-terminal zinc finger of HIV-1 NCp7 proteins showed that during reaction with platinum complexes Zn(II) is released from the peptide, resulting in loss of the tertiary structure of ZF [334, 335] . Furthermore, another study describing molecular details of the association between a platinated oligonucleotide with the C-terminal ZF from HIV-1 NCp7 also indicated that the ZF peptide undergoes conformational changes during Zn(II) release. This study suggests that overall stability of PtZF complexes is related to non-covalent interaction [336] . Similar release of Zn(II) was observed during interaction of Pt(II) complexes with the Sp1-3 ZF domain, which belongs to the CCHH class of ZFs. However, in contrast to the previous study cisplatin did not have a detectable effect on the Sp1-3 ZF, while trans-platin exhibited significantly higher reactivity towards Sp1-3 than other compounds. These studies demonstrate that Pt(II) complexes' reactivity depends on the structures of both the ZF and the Pt(II) complex (Fig. 29) [337] . Another study also performed on Sp1 ZF demonstrated that the microenvironment around the Zn(II) coordination sphere can impart selectivity towards the Zn(II) substitution reaction. It has been shown that Sp1-2 ZF is unreactive towards Pt(II) complexes. However, Sp1-3 ZF reactivity towards Pt(II) complexes increased when the NH 3 ligands are replaced by the chelating ethylenediamine, resulting in a novel cysteinebridged PtZF motif [338] .
Iron interaction with zinc fingers
Almost entirety of microorganisms are iron-dependent. They diligently harness this essential element to conduct a plethora of important catalytic and redox reactions. The most well-known oxidation states of iron are +2 (d 6 ) and +3 (d ), often referred to as ferrous and ferric ion, respectively. First studies on zinc finger as a potential target for Fe(II) ion showed that formation of Fe(II) TFIIIA complex inhibited DNA recognition [5] . However, later experiments indicated that Fe(II) bound to GATA-1 ZF exhibited a higher affinity for DNA than native zinc protein [339] . Formation of functional Fe(Cys) 4 cores with GATA-1 ZF is consistent with general knowledge about physical properties of ion. Due to its electronic configuration, it is able to form both octahedral low-spin and tetrahedral high-spin complexes [340] . Four sulfur atoms of the GATA-1 ZF are suggested to be distributed tetrahedrally around Fe(II), analogous to rubredoxin native iron-protein [341] . Similarly to GATA-1, Fe(II) can replace Zn(II) in estrogen response element and then bind to DNA cognate sequence; however, the resulting complex is unstable [342] . The iron finger, in the presence of hydrogen peroxide and a reducing agent, such as ascorbate or superoxide, is capable of increasing the rate of hydroxyl radical generation [342] . Thus, it has been postulated that iron-substituted zinc finger from the DNA-binding domain of the estrogen receptor can generate free radicals while forming a complex with estrogen response element leading to deleterious consequences such as iron-induced toxicity and/or carcinogenesis.
Thermodynamic data regarding FeZF interaction are rather scarce in the literature. What has been reported are the dissociation constants of Fe(II) complexes with CP-1 CCHH and CP-1 CCHC ZFs, both valued around 2.5 Â 10 À6 M [155] . In order to complement this lack of knowledge number of peptides have been design aiming to further investigate Fe(II) binding properties of various ZF model with different folds, including zinc ribbon, treble clef and a loosened zinc ribbon fold. All of these peptides were able to form stable FeL complexes with Àlog K d from 7.5 to 10 [343] . Furthermore, the Fe(II) and Fe(III) binding properties of two ZF domains from tristetraprolin protein (TTP) have been investigated. TTP motif with zinc substituted by iron ions preserved the ability to recognize cognate RNA sequence and achieved nanomolar affinity, compared to Zn(II)-containing site [112] . This indicates that all TTP forms are functional with Zn(II) or Fe(II)/Fe(III) ions, contrary to classical ZFs from TFIIIA.
Reactivity of zinc fingers
Throughout the years many efforts have been put to characterize the metal binding abilities of ZF domains; however, growing interest in non-covalent interactions between ZF and biomolecules caused that many researchers have also been focused on understanding the rules that govern these interactions. Furthermore, extensive research that have been conducted in the field of chemical reactivity and posttranslational modifications show that ZF domains are reactive towards oxidation, alkylation, acetylation and phosphorylation, affording an opportunity to control cellular processes or irreversibly affect protein structure. Moreover, metal binding studies performed on modified ZF peptides, in which one of the conserved Cys or His residues is replaced with a noncoordinating residue, suggest that metal sites in some of these ZFs can acts as a functional catalytic site. Here, we would like to devote this chapter to the reactivity and hydrolytic properties of ZF domains. First, the chemistry of cysteinyl thiols is briefly described, then major factors that influence ZF reactivity are introduced. Furthermore, a summary of work on ZF reactivity that has been performed so far is described together with the mechanisms of oxidation, alkylation, phosphorylation and acetylation including their effects on proteins' biological functions. Finally, a brief overview of ZFs' hydrolytic properties is presented.
Factors controlling ZF reactivity
Among all of the 20 amino acids that build proteins, Cys is commonly considered as the most chemically reactive and functionally diverse. Moreover, it is the most highly conserved Zn(II) binding residue among all classes of zinc fingers. These extraordinary properties of Cys are due to the presence of a thiol (R-SH) functional group which, unlike the thioether sulfur (R-S-CH 3 ) of Met, is ionizable (Fig. 30a) . The sulfur atom has six valence electrons and an unfilled 3d orbital, so it can exist in a wide range of oxidation states from À2 to +6. The cysteinyl thiol has a sulfur atom at the lowest possible oxidation state (À2), but it does not influence the reactivity and biological function of this amino acid residue. The thiols react with many oxidants, which in consequence results in formation of various oxidized states of the sulfur atom. Some of the Cys oxidation reactions are reversible under cellular conditions, while others are not. The most known oxidized state of cysteine is cystine, present in all proteins with disulfide bonds (-S-S-), which is a critical structural factor for tertiary and even quaternary structure formation, as well as chemical and thermal stability. Due to the ease in accepting and donating electrons, cysteinyl sulfur facilitates many redox reactions occurring in the cells. Thiols undergo exchange from thiol to the more nucleophilic charged thiolate, which is able to attack electrophiles and oxidants to perform countless number of physiological functions (Fig. 30b) . The same chemistry is actually applied for exogenous oxidants and electrophiles, which may affect the function of many cellular molecules by unspecific reaction with Cys residues, change their redox activity and state, or promote protein unfolding or degradation [344] . Therefore, reactivity of cysteinyl thiols is mostly related to the strength of sulfur's nucleophilic character in certain Cyscontaining molecules under specific environmental conditions. The sulfur-metal entity, being a part of metalloproteins, demonstrates significantly different reactivity compared to free thiol. The difference in reactivity between protein bound thiol and free thiol is due to its lower or higher solvent exposure and covalent character of the coordination bond which is related to the polarization tendency of the metal ion and ligand, according to Pearson's concept [260] . So, the question arises, why zinc cores in proteins are differentiated by their exposure to oxidants or electrophiles? What affects sulfur reactivity in the series of Zn(Cys) 2 (His) 2 , Zn(Cys) 3 His, Zn(Cys) 4 complexes? Fig. 29 . Schematic mechanism of Zn(II) releasing from CCHC ZF complex by transchlorobispyridine(guanine)platinum(II) complex [334] . X and G depict pyridine and guanine group, respectively. Commonly, the reactivity of zinc cores in proteins is associated with the chemical character of the Zn-S bond, which can be more electrostatic or more covalent. In the case of more electrostatic interaction, sulfur electrons are much closer to the nuclei increasing negative charge on sulfur atom and consequently enhance thiolate nucleophilic character (Fig. 31) . In case of more covalent interaction, sulfur electrons are moved away from its nucleic but getting closer to the Zn(II) ion. Thus, sulfur partially withdraws positive charge from metal ion which results in decreasing thiolate nucleophilic character and its reactivity (Fig. 31 ). This rule can be easily observed in the case of zinc fingers. Zinc fingers with coordination bonds of higher covalent character bind Zn(II) with greater affinity compared to those with more electrostatic interaction character. Table 1 (Chapter 3) indicates how affinity of ZFs differs among various coordination modes and across diverse types of zinc fingers [118, [345] [346] [347] [348] [349] [350] . For example, the consensus CP-1 CCHH ZF demonstrates higher resistance to oxidation by O 2 and H 2 O 2 than the CP-1 CCCC ZF, which is significantly more reactive towards these oxidants [47] . The difference in K d values between those two ZFs is more than two-fold in magnitude, which in fact differentiates the second-order rate constant for the first step in the oxidation of ZFs by H 2 O 2. Therefore, the second-order rate constant value of 0.0073 M À1 s À1 for highly stable CCHH ZF increases to 1.55 M À1 s
À1
in the case of CCCC ZF (Fig. 30 ) [47] . Based on that, it can be concluded that CCHH ZFs function mostly as structural recognition domains and are highly protected against oxidation and other modifications occurring in Cys residues. Zinc cores with lower affinity, typically Zn(Cys) 4 , are much more prone to oxidation and other Cys-related modifications (see below). Overall, this demonstrates that Zn(II) ion play a significant role against oxidation of ZF Cys residues; however, it should be mentioned that each ZF is different and also other factors can drive its reactivity. In Chapter 3.3 we showed that affinity of Zn(II) to ZF domains is strongly related to acid-base properties of metal binding residues found in ZF motifs. Because cysteinyl thiol demonstrates the highest reactivity, it is clear that all factors that influence the acidity of this group will also affect the thermodynamics of metal binding and hence the reactivity of sulfur atoms. Generally, an electropositive environment around the thiol tends to lower the pK a value (Fig. 15) while destabilization of the negatively charged thiolate by the hydrophobic or electronegative environment increases the pK a [25, [206] [207] [208] [209] 351] . Therefore, the neighboring amino acid residues can significantly influence the acidity of the cysteinyl thiol [352] . However, weak interaction with uncharged residues, hydrogen bond formation and ion-dipole interaction also play crucial roles in thiolate stabilization. In 2001, the protein packing and electrostatic screening of 207 ZF cores (CCHH, CCCH/CCHC, CCCC) were assessed, and it was concluded that Zn(II)-bound thiolate groups are shielded by forming a direct hydrogen bond with backbone amides to electronically stabilize ZF cores [26] via decreasing Zn(II)-bound thiolate nucleophilicity and reactivity by two orders of magnitude [27] . However, direct NHÁ Á ÁS hydrogen bonds are important for protein fold and chemical stability [27] . Some of the unreactive ZFs do not form direct NHÁ Á ÁS bonds to shelter Zn(II)-bound thiolates, which implies that additional factors are involved in protecting ZF cores from unwanted reactions. It has been proven that in the case of the mononuclear Zn(Cys) 4 site indirect hydrogen bonds can also reduce the atomic charge on the sulfur from unsheltered Zn(II)-bound thiolate (reducing the overall net charge -less negative), which causes withdrawal of its nucleophilicity to the more electronegative backbone carbonyl, thus offering thiol protection against electrophiles [28] . In addition, in the case of binuclear Zn 2 Cys 6 zinc finger sites the bridging between thiolates provides extra stabilization, and thus the net charge of the binuclear core is similar to those found in the protected mononuclear sites, which explains why some of the unprotected Zn(II) cores are not reactive. Although solvent exposure of the ZF cores boosts the thiols' reactivity due to charge residue solvation, partial exposure to solvent of the protected ZF core does not affect the protective effect of the H-bonds as the free energy of methylation between fully or partially buried Zn(Cys) 4 cores differs by $1 kcal/mol [28] . Another relevant issue is associated with coordination geometry, which is a relevant factor that governs ZF cores' reactivity and arrangement. In the case of CCHH coordination the ZF core is packed in the hydrophobic pocket. However, there are also other ZF motifs (treble clef, zinc ribbon, zinc loop) where coordinated amino acid residues are more flexible and thus can easily undergo chemical reaction. Another important element is the presence of an amino acid with a bulky sidechain (Pro, His, Trp, Tyr) where steric hindrance can influence conformational changes, thus providing protection from unwanted reaction [353] .
All of the above factors would probably be a reason for diverse chemical reactivity of many proteins and their different functionality in the body. Since this hypothesis became an interesting topic, many systems including zinc finger proteins have been examined to better understand how these factors control thiolate reactivity.
Protein structure alteration induced by zinc finger reactivity and modification
The presence of the Zn(II) ion in ZF domains stabilizes proteins that are involved in protein-DNA binding or protein-protein interaction [354] . Therefore, zinc metalloproteins such as transcription factors use ZFs to control gene expression via binding to specific DNA sequences [355] . This specific role of the TFs is important in order to regulate cellular processes including cell differentiation, metabolism and response to stress. In addition, Zn(II) binding sites can undergo various modifications to alter protein structure and in consequence change or completely diminish proper protein function. For example, oxidation of Cys residues in the CCHC ZF core in a HIV-1 NCp7 protein leads to release of Zn(II), causing change in the structure of the viral protein and hence loss of the protein function [42] . Another example is the CCCC zinc site of the zinc finger found in E. coli N-Ada where a methyl group from the phosphotriester backbone of methylated DNA is transferred onto the Zn(II)-bound thiolate of Cys38. This methylation acts as an electrostatic switch and enables the protein to form a tight complex with DNA [43] . In addition, the ZF coordination sites are susceptible to oxidation and nitrosylation, which may lead to Zn(II) dissociation from the protein [44, 45] . On the other hand, not only the ZF coordination sites have been shown to be reactive or modified. Systematic structural studies on the ZF domains revealed that in many CCHH ZFs the conserved TGEKP linker between adjacent fingers plays a crucial role in protein flexibility and interaction with DNA. It has been established that the linker region in the CCHH ZF proteins undergoes post-translational modification. This modification is connected with the linker amino acids' phosphorylation, which abolishes DNA binding of the CCHH ZF during mitosis [356] . Taking into account ZFs' participation in many chemical reactions to control cellular processes, it is important to address this section to the reactions that influence proteins functionality.
Oxidation and nitrosylation
Reactive oxygen species (ROS) and nitrogen species (RNS) are produced due to an aerobic lifestyle to maintain homeostasis and regulate physiological signaling pathways. Their appropriate regulation has a significant impact on health and diseases. Imbalance between ROS/RNS and their scavengers (antioxidants), called oxidative stress is due to overproduction of ROS/RNS and has a major impact of the development of diverse disorders, e.g., cancer, inflammatory, diabetes and many others [357] . Because of ROS/ RNS highly reactive nature they can form radical and non-radical species that are able to react with DNA and proteins to induce mutagenesis or influence folding, respectively. Therefore, ROS/ RNS can have both beneficial and harmful effects on the physiology of the living organism. It is commonly known that the Zn(II) ion in the ZFs reduces the thiol oxidation potential, but when ROS/RNS react with ZF domains the Zn(II) ion is released from the coordination sphere, resulting in the loss of ZF function, which can be restored under redox conditions -the molecular redox switch (Fig. 32) [358] . However, constant exposure to ROS/RNS leads to physiological dysfunction and in consequence to abnormal modification that can influence disease development.
In the ROS target proteins, Cys residues can be oxidized to various products through a reversible or irreversible oxidation mechanism [359] . The sulfur donor oxidation in the Zn(II)-thiolate sites can occur via a one-or two-electron mechanism to form different products (Fig. 33 ). This diversity is closely connected with the oxidant type involved in the reaction. Thus, thiyl radical (RSÅ) coupling with Cys residues (one-electron mechanism) gives a disulfide radical anion which loses an electron to form disulfide [44] . On the other site, hydrogen peroxide is known to perform two-electron oxidation to sulfenic acid, which can further react with other cysteinyl thiol to form disulfide [44] . However, in the absence of the thiol group sulfenic acid can be irreversibly oxidized to sulfinic and sulfonic acid species (Fig. 33) .
In 2011, Sénèque and co-workers investigated reactivity of artificial ZFs with various folds towards H 2 O 2 . The Zn(Cys) 4 cores were prepared to mimic bba fold based on the CP-1 consensus zinc finger sequence, while other Zn(Cys) 4 cores resembled the treble clef fold that can be found in the molecular chaperon Hsp33 and peroxide regulator repressor PerR protein [47] . Hsp33 and PerR are present widely in bacteria and they are thought to trigger defense against oxidative stress [360, 361] . Nonetheless, it was found that in all ZF motifs mostly cysteinyl sulfurs are oxidized, decreasing Zn(II) ion affinity and destabilizing the complex. Oxidation with H 2 O 2 at pH 7.0 leads to formation of bis-disulfide as a major product, whereas at pH higher than 7.5 other products (sulfonates, sulfinates) are formed [362] . For H 2 O 2 oxidation a two-step oxidation mechanism has been proposed and corresponds to nucleophilic attack of the thiolates on H 2 O 2 forming sulfenic acid, which further reacts with thiolate to give disulfide at pH 7.0. However, at pH 9.0 sulfenic acid is deprotonated to further attack H 2 O 2 in order to form sulfinates and sulfonates (Fig. 34a) . It has also been shown that the rate constant values for the Zn(Cys) 4 core in comparison to Zn(Cys) 2 (His) 2 varies by about one order of magnitude, suggesting that oxidation by H 2 O 2 is related to ligand composition and zinc finger affinity towards Zn(II) (see Chapter 3). Similar oxidation by H 2 O 2 to disulfide has been reported previously for the Zn(Cys) 4 type core of the XPA ZF [363] and the Zn(Cys) 4 type ZF motif in the estrogen receptor DNA binding domain [364] . Moreover, the series of Zn(II) complexes, with various nitrogen and sulfur donors, that exhibit a pseudo-tetrahedral structure and mimic ZF peptide cores, were stable towards dioxygen but can be oxidized by H 2 O 2 or dioxirane to sulfonate derivatives, resulting in complex destabilization and Zn(II) ion dissociation [365] .
On the other hand, reactivity towards O 2 has also been reported by Sénèque's group, which examined the Zn(Cys) 4 core with a treble clef fold (L TC ) [366] and Zn(Cys) 2 (His) 2 with a bba fold (CPF) [48] . In comparison to H 2 O 2 , during zinc finger oxidation with O 2 only 10% of formed products are disulfides, while sulfinates comprise 90% of all oxidation products. The mechanism of O 2 oxidation is connected with formation of unstable persulfenate which can further collapse to give sulfinate or can be protonated to form various products (Fig. 34b) . The spectroscopic CD titrations performed on sulfinate-containing peptides L TC and CPF showed CD signal changes upon addition of Zn(II) ions, suggesting that oxidized peptides fold upon Zn(II) binding and adopt treble clef and bba folds, respectively. The bba folding has been confirmed by 1 H NMR of the oxidized CPF (CPF-SO 2 ), whose spectrum was similar to nonoxidized CPF, proving formation of the bba fold [48] . However, even when the structure of the oxidized peptides is intact, the affinity of Zn(II) binding drops significantly for CPF-SO 2 in comparison to CP-1 peptide (Table 1) [48] . Kinetic parameters clearly determine that a ZF peptide with bba fold CPF is less reactive towards O 2 than a peptide with treble clef fold L TC . This indicates that cysteinyl sulfur donors influence reactivity of the ZF cores, possibly by increasing nucleophilicity of the cores. Furthermore, Zn(Cys) 4 core from Hsp33 with treble clef fold has also been examined towards hypochlorous acid (HOCl) [367] . This allowed only the oxidation products of the Zn(II)-bound thiols to be precisely determined (no Met residues in the sequence). The reported data suggest that oxidation of the Zn(II)-thiolate by HOCl yielded mostly bis-disulfides with the second-order rate constant of 9.3 Â 10 8 M À1 s
À1
. In comparison with free cysteine, the apparent oxidation rate constant of the Zn(II)-thiolate cysteine is higher, implying that the Zn(II) ion boosts reactivity of the cysteine Fig. 32 . Redox switches mechanism performed by reactive oxygen species (ROS) on the ZF complex. RA denotes reducing agent, such as DTT [45, 360] . towards HOCl, which is in contrast to H 2 O 2 or O 2 oxidation, where Zn(II) ions actually decrease cysteine activity towards these oxidants [47, 48, 366, 367] . These data imply that the ZF site of Hsp33 enhances selectivity towards HOCl and can be ideal as the HOCl sensor.
In mammalian cells the nitric oxide (NO) is synthesized on demand in a tightly regulated manner by endothelial and neuronal NO synthase. During activation of the inflammatory cytokines synthesis of NO is induced and prolonged; thus the accumulating number of NO species can react with dioxygen to produce nitrogen dioxide, which can further react with NO to give more reactive species such as nitric oxide, nitrogen dioxide, nitrite, nitrous acid [368] . The NO can also react with superoxide anion, yielding the strong oxidant peroxynitrite which induced destruction of ZF domains. The concentration of NO is closely related to its behavior, and therefore it can act as a signal molecule or when overproduced it can induce nitrosative stress. Under nitrosative stress the RNS have been shown to react with thiols, yielding S-nitrosothiols to regulate the cellular stress response [45, 369] . Although cysteinyl thiols from ZF sites are labile and prone to S-nitrosylation resulting in Zn(II) dissociation, conformational change and loss of DNAbinding capability, their S-nitrosylation, similarly to some oxidation products, has been shown to be reversible [370] . This finding may indicate that the redox status of thiols in the ZF coordination sites is a major limiting factor. Evidence for this redox switch mechanism (Fig. 32) have been seen in the Sp1 and EGG-1 transcription factors which consist of three CCHH ZFs in their DNA binding domains (DBD). It has been demonstrated that exposure of Sp1 and EGR-1 to NO leads to abolition of their DNA-binding activity in comparison to other transcription factors lacking ZFs in the DBD. For instance, exposure to NO of the nuclear factor of activated T-cells does not affect DNA activity, suggesting that reaction of NO with transcription factors is selective towards ZFs [370] . Furthermore, another group of transcription factorsnuclear hormone receptors -with two CCCC ZF domains also demonstrate NO-sensitive transcriptional activity. Similarly to Sp1 and EGR-1, the glucocorticoid receptor (GR) [371] , vitamin D3 receptor (VDR) and retinoic X receptor (RXR) [45] during reaction with NO lost DNA-binding activity, which is restored under redox conditions. Nevertheless, the other NO intracellular carrier S-nitrosoglutathione (GSNO) which is formed spontaneously during transnitrosylation of glutathione (GSH) with the NO group is found to cause irreversible effects of nitrosative stress when its level is highly exceeded. Furthermore, GSNO has been demonstrated to regulate the activity of ZF transcription factors Sp1 and Sp3 [372] . Similarly to NO species, GSNO also induces S-nitrosylation of the XPA Zn(Cys) 4 core [363] . However, studies performed on the peptide that mimics the CCCC coordination site of the XPA protein showed that the mechanism of S-nitrosylation is reversible without Zn(II) release under low micromolar GSNO exposure, suggesting that under higher GSNO exposure the cysteine-rich ZF is nitrosylated with release of the Zn(II) ion and further oxidized to intramolecular or mixed disulfides (Fig. 35) . In summary, all of these studies indicate that in general ZF proteins including transcription factors and nuclear receptors can be reversibly regulated by many NO species.
Alkylation
In some proteins the Zn(II) ion has been found to play a functional role in controlling reactivity of Zn(II)-bound thiolate [373] . The N-Ada DNA repair protein of Escherichia coli with the Zn(Cys) 4 binding core transfers a methyl group from the phosphotriester backbone of methylated DNA to the Zn(II)-bound thiolate of Cys69 [374, 375] . The environment of the Zn(II)-bound core [47, 48] .
ensures that only Cys69 is activated in comparison to the other three Cys residues which remain inactive in this process [376] . Nonetheless, after this hypothesis was proposed, many efforts were made to understand this particular thiolate behavior of Cys69, and in 2006 it was proved based on NMR and MS results that in fact Cys38 is the methyl acceptor in N-Ada rather than Cys69 [377, 378] . The selective reactivity of Cys38 over other Cys residues in N-Ada protein has been linked with lack of hydrogen bond donors for Cys38, whereas other Cys residues in the zinc site of N-Ada form hydrogen bonds which have been previously reported to decrease nucleophilicity of thiolate ligands, hence their lower reactivity [26, 377] .
The NMR studies of N-Ada substituted with the Cd(II) ion show that sequence-specific DNA binding, upon methyl transfer from alkylated DNA to N-Ada, has not been disturbed, proving that the metal ion participates in the repair mechanism [234, 379, 380] . Later, the phosphodiester repair mechanism for the N-Ada switching where thiol coordination to metal is retained during methyl transfer has been proposed (Fig. 36a) [43] . The above mechanism establishes that Zn(II) deprotonates thiol as well as controlling proper positioning of the methyl group. Surprisingly, the methylated N-Ada reveals enhanced sequence-specific DNA binding, thereby enabling the protein to activate transcription of the methylation-resistance regulon [380] . Indeed, many other studies with model complexes have proved that upon alkylation with various methylating agents Zn(II)-thiolate cores undergo alkylation without prior dissociation of thiolate -an associative mechanism (Fig. 36b) [381] [382] [383] [384] [385] [386] . However, while many debates have been made to elucidate the mechanism of N-Ada methylation, the current understanding of the mechanism of alkyl transfer still remains unclear. Although the literature is lacking in studies performed on natural ZFs, other model studies using model Zn(II) complexes with organic ligands (Fig. 37 ) that mimic the Zn(Cys) 4 core of NAda have studied them in reaction with trimethylphosphate (CH 3 -O) 3 PO (used as a DNA model) and showed that the mechanism of the reaction is dissociative (Fig. 36c) rather than associative, indicating that methyl transfer from (CH 3 O) 3 PO to the organic Zn(II) complex disrupts coordination of the thiolate, which dissociates from Zn(II) core, inducing conformational change within the metal center to form a new coordination bond [387, 388] . This dissociative mechanism involves two steps: firstly the nucleophile Cys38 dissociates from the Zn(Cys) 4 core, and after that the free thiolate attacks the damaged DNA. Moreover, a more precise study on Zn (II) complexes (Fig. 37 ) that mimic Zn(Cys) 3 (His) and Zn(Cys) 2 (-His) 2 cores to study the influence of metal coordination on thiol reactivity indicated that reactivity of Zn(II) cores increases with the anionic character, and thus the [Zn(SC 6 [387] . A subsequent study demonstrated that the mechanistic pathway of the alkylation of Zn(II) complexes with various methylating agents again follows a dissociative pathways mechanism [389] , but methylation of Ni(II) [389] or Co(II) [390] complexes involved metal-bound thiolate, indicating that the metal ion alters the alkylation mechanism. Taking into consideration all of the model studies performed so far, we cannot exclude that alkyl transfer takes place via both an associative or dissociative pathway mechanism which might depend on the reaction conditions and metal ion involved in the alkylation mechanism. Another important aspect besides the mechanism was to elucidate the factors that control alkylation of the Zn(II)-bound thiolates. The examination of the alternative variants of consensus CP-1 ZF peptides determined the metal binding properties and stability of the alkylated peptides [391] . The alkylation of the Co(II) complex of CP-1 CCHC ZF with dimethyl sulfate (DMS) results in the formation of the peptide with S-methylcysteine, in place of Cys24. The absorption spectra show that C-terminal Cys is more susceptible to alkylation by DMS than other Cys residues in the peptide sequence, demonstrating that residues exposed to solvent are prone to alkylation in comparison to Cys from the CXXC loop, which are more buried in the hydrophobic pocket and involved in the hydrogen bonding. Moreover, spectroscopic studies of the monomethylated CP-1 CCHH ZF with Co(II) suggest that the alkylated Cys residue might not be bound to the metal ion as the absorption spectrum of the Co(II) complex is almost identical to the truncated CP-1 peptide reported previously [90] . Another study with model metal complexes also suggested that hydrogen bonds can prevent thiolate from alkylation via decreasing negative charge within the Zn(II) center, but coordination of the Zn(II) ion by a sulfur donor increases electron density and hence nucleophilicity and reactivity of the bound thiolate [381, 392] . Therefore more Cys-rich zinc sites are preferred to perform the alkylation reaction rather than Zn(Cys) 2 (His) 2 cores of ZFs.
Phosphorylation and acetylation
The most common classical CCHH zinc fingers present in many transcription factors are responsible for the specific interaction with DNA in a tandem mode. Tandemly organized ZFs are linked together by a conserved five amino acid linker with the TGEKP sequence being the most predominantly occurring canonical sequence in more than 50% of transcription factors. Despite high conservation of TGEKP, there are also other sequences of the linker which have been frequently found in proteins. It has been discovered that the linker is flexible in solution without DNA, but upon complex formation, the conserved Lys and Thr residues of the linker sequence interact with phosphate backbones providing important ZFs-DNA complex stabilization [71, 393] . These findings have been supported by structural studies of WT1-4 and TFIIIA1-3 zinc finger domains and it was established that the linker acquires an a-helix C-cap shape, becoming more rigid and ordered upon DNA binding [394] . Furthermore, C-Cap conformation of the linker enables ZF domain to undergo hydrogen bonding between the backbone amide and threonine hydroxyl, providing additional stabilization of the DNA-ZFs complex. Extensive research in the linker region has shown that phosphorylation and acetylation within this site affect DNA-binding properties of many ZF proteins; thus these modifications are thought to be a transcription regulation mechanism [395, 396] .
Over the years, phosphorylation has been shown to occur in the linker region of the ZF-containing transcription factors. Moreover, other studies performed on the Ikaros and Sp1 [49] and YY1 proteins [51] demonstrated that serine or threonine residues within the linker region are phosphorylated during mitosis, thus abolishing DNA-binding activity (Fig. 38) . Because of this remarkably regular phosphorylation of the CCHH ZF proteins linker in mitosis, it has been proposed that this could be a common mechanism for inactivation of the classical zinc fingers during cell division. It has been shown, using DNA-binding studies performed on the prototype ZF protein, that the linker phosphorylation reaction is reversible and influences DNA-binding affinity, which tends to decrease about three-fold when more than one linker is phosphorylated [356] . This discovery proved the existence of a mechanism capable of activating/inactivating the CCHH ZF proteins during the cell cycle [356] . In addition, this particularly important mechanism has been supported by an immunostaining assay using antibodies against the phosphorylated linker peptide TGEKP. During assay analysis it was determined that 50% of the linkers in tested ZF linkers were phosphorylated [397] . Regarding these findings it is necessary to emphasize that the conserved linker is not only important for enhancing ZF fitting to the DNA major groove but is also necessary to control DNA binding.
Another important post-translational modification that introduces a new functional group into the conserved linker region found in the ZF domains is acetylation. In regard to ZF proteins, acetylation usually takes place on the e-amino group of the Lys residue within the conserved TGEKP linker region and is mostly performed by histone acetyltransferases (HATs) including p300, CBP, and PCAF. In addition, the acetylation in this region is also reversible and tightly regulated by histone deacetylases (HDACs) [21, 398] . Current knowledge of ZF acetylation highlights that lysine acetylation within the linker region influences DNAbinding activity of many transcription factor proteins (Fig. 38) . The study performed on the zinc finger domain of Yin Yang 1 (YY1) protein with four tandem CCHH ZFs showed that acetylation of Lys residues, within the zinc finger domain, by p300/CPB inhibits YY1 sequence-specific DNA binding and in consequence leads to a decrease in activity of the YY1 targeted genes [21, 50, 399] . In order to restore gene expression again, YY1 interacts with HDACs to remove the acetyl group from the lysine residue. Because interaction with HATs and HDACs affects transcriptional activity of YY1, it has been proposed that acetylation/deacetylation is a major mechanism of its gene regulation [399] . Furthermore, another ZF protein whose activity is regulated by acetylation is a triple CCHH ZF protein -erythroid Krüppel-like factor (EKLF). EKLF is acetylated by p300/CBP in the ZF domain as well as in a transactivation domain. In this case, the acetylation of the two Lys residues within the ZF domain results in stimulating them to bind to DNA [21, 50] . However, when additional acetylation of the six Lys residues from the transactivation domain occurs, the DNA-binding activity is suppressed. Indeed, EKLF in contrast to YY1 represents a different model of gene regulation, where the acetylation status of Lys residues rather than interaction with HDACs is important in determining whether EKLF will promote or suppress transcription.
As stated above, acetylation and phosphorylation usually occur within the conserved linker region on lysine and Ser or Thr residues, respectively. Indeed, it is now beyond any doubt that acetylation and phosphorylation are essential post-translational modifications which regulate gene expression in many ZF proteins.
Hydrolytic properties of zinc finger complexes
The ability of metal ions to perform either a structural or catalytic role has been known for decades [400, 401] . It is estimated that one-third of proteins contain metal ions in their specific structural or catalytic cores [402] . One of the most abundant metal ions found in those metal binding sites is Zn(II), which is preferential because it is a moderate Lewis acid, exchanges ligands rapidly and is not a toxic or redox active ion. In the catalytic zinc sites, a Zn(II)-bound water molecule (carbonic anhydrase) or internal alcoholic residue e.g. serine residue (alkaline phosphatase) is important because the Zn(II) ion acting as a Lewis acid promotes deprotonation of the hydroxide or alkoxide side chains, thus increasing their nucleophilic character to further attack electrophilic substrates such as carboxyl ester [403] [404] [405] . Zinc enzymes possess their unique catalytic properties not only due to the chemistry ongoing in the first coordination sphere. The number of interactions in the second coordination sphere or usually in the active site of the protein has a significant impact on enzyme selectivity and catalytic properties. Hence, the application of Zn(II)-binding peptides and protein domains for the catalytic reaction is being tested.
Despite the structural role of Zn(II) which is found to stabilize the zinc finger structure required for DNA recognition (see above, Chapter 2) it has been discovered that the Zn(II) ion is able to enhance the catalytic reaction performed by the ZF complex. In fact this has been determined by successfully redesign of the structural metal site into a catalytic one using mutants of the second zinc finger of Sp1 protein in which one of the Zn(II)-coordinating residue was replaced with Gly or Ala residues (Fig. 39a) [228] . Probing those mutants with Co(II) ions, it was found that they can adopt five coordinate geometry; the only exception is CCHX ZF peptide, which acquires tetrahedral geometry [228] . It has been stated that the hydrolytic reaction in all ZnZF complexes is affected by the environmental factors of the Zn(II) coordination site including electron-donating ability of the ligands as well as coordination geometry. Since the substituted amino acid residue is not able to coordinate to the metal ion it suggests that the vacant site might be occupied by water molecules and thus truncated ZF sites might possess catalytic activity, which has been shown on the esterase substrate p-nitrophenyl acetate (p-NA) [228] . According to this assumption hydrolytic activity of the zinc fingers was investigated by measuring the spectral change upon p-NA hydrolysis to give a product, p-nitrophenolate (p-NP), which exhibits absorption at 400 nm (Fig. 39b) . Performed studies determined that hydrolytic activity decreases following the order CCHA > CGHH > GCHH > CCHG > CCAH > CCGH [228, 406] . Among all series of mutant zinc finger peptides CCHA has the highest catalytic activity. This result may suggest that the zinc site of the CCHA ZF peptide is buried in a more hydrophobic pocket where hydrophobic residues may influence substrate binding events and water bound acidity of the Zn(II) ion [228] . However, another study reported that the CCHA truncated CP-1 zinc finger does not show any catalytic activity, which may be reasonable due to Zn(II)-bound Cys residues which decrease the Lewis acidity of the Zn(II) ion through its electron donating ability and more solvent exposed zinc site [407] . Nonetheless, both results are rather disputable and cannot be equally compared because of the difference in model and reaction conditions. In order to prove that increased Lewis acidity of the zinc site will enhance catalytic activity a series of poly-His peptides based on the second ZF domain of Sp1 protein have been developed. In this case, it has been shown the second order rate constant of the p-NA hydrolysis is almost twice as high as that for the CCHA peptide, with a k value of 1.2 M À1 s À1 and 0.57 M À1 s À1 , respectively [228] . As the HHHH zinc finger peptide demonstrates the best hydrolytic activity it was further tested with p-NA as a tandem array of three HHHH ZFs (3ZF). Surprisingly, the second order rate constant for 3ZF was two orders of magnitude higher than that for Zn(cyclen) complex, which is a commonly known model complex for study of the hydrolytic zinc enzyme mechanism [408] . This mutant has also been found to catalyze the hydrolysis of amino acid esters (Boc-glutamine 4-nitrophenyl ester) with a significant enantioselectivity. Interestingly, the apo-pepides also showed some catalytic activity which increased with the increasing number of His residues from coordination sites. This result unequivocally supports the notion that the hydrolysis by apo-pepides is caused by the His residues, which is in contrast to Zn(II)-peptide complexes, where hydrolysis is thought to be caused by the zinc center of the peptides [228] . Moreover, since the tandem array of three ZFs in native Sp1 is found to selectively bind to the DNA GC-rich box, 3ZF has been tested for its ability to cleave a site within the GC box. Supercoiled plasmid DNA (pUC19GC) was used as a substrate and hydrolytic cleavage reaction was carried out, showing that 3ZF, through specific non-covalent interaction between residues from the 3ZF a-helix and DNA primary and complementary stand bases, is able to perform effective hydrolysis of the DNA duplex at the GC box [409] . The cleavage is getting more efficient as the Zn(II) concentration is increased, emphasizing that Zn(II) is important in DNA hydrolysis. On the other hand, only a small change in the hydrolytic activity has been observed at high ionic strength, suggesting that nonselective binding to DNA may be observed at a higher ionic strength. Recently, other series of several novel designed ZFs based on His containing peptides including three helix bundle and coiledcoil motifs with esterase activity have been reported [410] [411] [412] [413] [414] .
Future research directions
Various classes of ZFs has already been discovered and studied, nonetheless, demand for exploration of genomes and DNA transcripts in terms of other encoded proteins with this zinc binding folds is insatiable. Moreover, straightforward molecular studies that prove existence or identify function of particular macromolecule on protein level have to be performed. Despite significant progress in structural characterization of ZF domains, our knowledge regarding metal binding properties, stability and reactivity of particular ZFs is very modest. Work that has been done in the past needs to be re-examined due to methodological limitations in the past, which further diminish present state of the art. So far, huge amount of biophysical work has been devoted to studying consensus and model ZF peptides. Recent data show that natural ZFs, due to their diverse nature, demonstrate significantly different properties comparing to artificial zinc folds, therefore, careful characterization of natural ZFs and ZF-containing peptide should be performed. Besides few examples of ZF's properties characterization, analyses of ZF in the presence of nucleic acid or protein targets have not been performed. Metal binding properties, as well as reactivity of ZF, may significantly differ when they are bound to molecular recognition targets. Moreover, the impact of posttranslational modifications of ZFs remains enigmatic. Since many structural and functional studies of the ZF domains have been performed in vitro, substantial challenges associated with in vivo studies are yet to be faced. These challenges include domain folding under fluctuating Zn(II) or interaction with other biogenic and toxic metal ions, and their complexes to ZFs, reactivity towards oxidation or alkylation, as well as modification of the ZFs. Finally, molecular basis of ZF-containing proteins damage requires future investigation in order to understand toxic and epigenetic role of metal ion species and their impact on ZF proteins.
